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ABSTRACT 
 Popcorn and dent maize are distinct gene pools and are maintained and utilized as 
such in maize breeding programs. Popcorn is inferior to dent maize in traits related to crop 
productivity. Dent maize is a potential source of favorable alleles to improve the productivity 
of popcorn, but its utility is hindered by dent alleles with negative effects on popping 
expansion volume (PEV), an important quality trait of popcorn. If the genetic architecture of 
popping expansion and other important traits is known in dent x popcorn populations, the 
negative effects of dent germplasm on PEV may be minimized by marker-assisted selection 
(MAS). Use of DNA markers in breeding programs requires that quantitative trait loci (QTL) 
associated with target traits be identified. QTL for PEV, kernel weight (KW), growing degree 
units to anthesis (GDU), and plant height were mapped in F2 plants and their F2:3 families in a 
dent (B104) x popcorn (BP3) population. Seven QTL associated with 82% of the phenotypic 
variance were detected for PEV on chromosomes 1 (bins 1.05 and 1.07), 2, 3, 5, 8, and 9. 
The BP3 allele increased PEV at six of the QTL on chromosomes 1, 2, 3, 5, and 9. The dent 
parent, B104 contributed the allele that increased PEV at the QTL on chromosome 8. 
Epistasis was detected for PEV between QTL on chromosomes 2 and 5 such that the 
magnitude of the additive effect on chromosome 5 was larger when the genotype on 
chromosome 2 was a BP3 homozygote than when it was B104 homozygote. For kernel 
weight, six QTL explaining 66% of the phenotypic variance were on chromosomes 1 (bins 
1.03 and 1.05), 6, 7, 8, and 9. The B104 allele increased KW at all QTL. QTL for PEV and 
KW were less than 10 cM apart on chromosomes 1 and 9. Association of PEV and KW QTL 
may be the cause of the significant phenotypic (rp) and genotypic (rg) correlation detected 
between the two traits (rp = -0.55 ± 0.04; rg = -0.68 ± 0.05). The test of linkage vs. pleiotropy 
 ix
for PEV and KW QTL on chromosomes 1 and 9 suggested pleiotropy. For GDU, QTL were 
detected on chromosomes 1, 2, 3, 4, 6, and 8. QTL for plant height were detected on 
chromosomes 1, 2, 8, and 9. GDU and plant height QTL accounted for 68 and 48% of the 
phenotypic variance, respectively. QTL for both traits were in regions (bins) where QTL 
affecting flowering time and plant height were detected in dent maize populations, 
suggesting that some of the same genetic factors may be affecting these traits in both dent 
and popcorn gene pools. In addition, GDU and plant height QTL were in regions where 
genes and other genetic factors affecting both traits have been mapped in maize. Because 
QTL in this study were mapped a reference population relevant to popcorn breeding 
objectives, they can be used to augment phenotypic selection and ensure retention of 
favorable alleles in a breeding program to improve productivity of BP3 with B104 alleles. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
 Popcorn is a popular snack food in the United States and is becoming accepted in 
many other parts of the world (Hallauer, 2004). Despite its growing importance, the genetic 
improvement of popcorn for productivity traits such as yield, stalk strength, insect pest 
resistance, and disease resistance has lagged behind that of dent maize (Ziegler, 2001). Also, 
popcorn must meet unique and often strict quality standards if it is to be accepted by the 
popcorn industry. Consequently, popcorn breeders have emphasized quality more than grain 
yield and other agronomic traits, even though productivity is desired by popcorn growers 
(Ziegler, 2001). 
 Popcorn breeders have recognized the potential value of dent maize as a source of 
alleles to improve productivity of popcorn (Crumbaker et al., 1949; Dofing et al., 1991; 
Johnson and Eldredge, 1953). The phenotypic backcross breeding procedure has been used to 
introgress favorable dent alleles into popcorn elite gene pools. This procedure has generally 
resulted in popcorn inbred lines with increased kernel weight, increased grain yield, and 
reduced stem and root lodging, but reduced popping expansion volume (Johnson and 
Eldredge, 1953; Ziegler, 2001). Possible causes of reduced popping expansion volume 
include retention of large and genetically linked dent chromosome segments flanking the 
introgressed region (linkage drag), changes in the effect of an allele with changes in genetic 
background, and inability to recover favorable alleles at all important loci. Another potential 
problem with phenotypic selection during dent germplasm introgression is the temptation to 
select plants and kernels that look more like popcorn than dent maize, which has the 
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unintended consequence of early fixation of the popcorn genome and subsequent loss of 
desirable dent alleles. 
 If something can be learned about the genetic architecture of popping expansion 
volume and other target traits in dent x popcorn populations, most of the negative effects of 
dent germplasm on popping expansion volume may be minimized by use of DNA markers. 
DNA marker – monitored introgression of dent alleles into popcorn gene pools may 
minimize loss of popping quality traits and favorable dent alleles by transferring or retaining 
specific genomic regions while maintaining popping quality and adaptation to the target 
environment. This approach requires that the genomic regions associated with popping 
expansion volume and some of the target traits be identified in the dent x popcorn reference 
population. QTL mapping is one approach that can be used to identify genomic regions 
associated with popping expansion volume and other target traits. 
 The objectives of this study were: i) to map and analyze QTL for popping expansion 
volume, kernel weight, growing degree units to anthesis, and plant height in F2 plants and 
their F2:3 families derived from a B104 (dent) x BP3 (popcorn) population; ii) to compare the 
locations of QTL of the different traits in order to assess the genetic cause of correlation 
between traits; iii) to compare the positions of QTL detected herein to those identified in 
previous studies; iv) to compare the positions of detected QTL to the locations of candidate 
genes associated with time to flowering and plant height. 
 
Dissertation Organization 
 This dissertation consists of two manuscripts which make up the two main chapters. I 
am the primary researcher and author of both manuscripts. M. Lee designed the research and 
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is the author for correspondence. The other co-authors, M. Erazo-Barradas, K. E. Ziegler, and 
W. Woodman-Clikeman collected and conducted preliminary analyses of some of the data. 
 The first manuscript (Chapter 2) was written for submission to the journal Theoretical 
and Applied Genetics, and reports QTL mapping results for popping expansion volume and 
kernel weight in the F2 and F2:3 generations of the B104 x BP3 population. The second 
manuscript (Chapter 3), which is to be submitted to Crop Science, reports QTL mapping 
results for time to flowering (growing degree units to anthesis) and plant height in the same 
population. Each manuscript has an abstract, introduction, materials and methods, and results 
and discussion sections. References cited in each chapter are listed at the end of that chapter. 
Chapter 4 summarizes the results, conclusions, and implication of the results from the two 
manuscripts on popcorn improvement in particular and maize improvement in general. 
 
Literature Review 
Popcorn  
 
 A characteristic of popcorn which distinguishes it from all other types of maize is its 
ability to pop and produce large flakes when heated. Popping expansion volume, defined as 
the volume of flakes per unit weight of unpopped kernels, is an important quality trait of 
popcorn (Ziegler, 2001). The major difference between popcorn and dent maize is in kernel 
morphology and composition which are presumed to be related with the ability to pop. The 
cause of popping has been the subject of many studies (Borras et al., 2006; da Silva et al., 
1993; Hoseney et al., 1983; Song et al., 1991; Watson, 1987; Willier and Brunson, 1927). 
Available evidence points to the more crystalline arrangement of cellulose, the higher ratio of 
hard to soft endosperm, and a higher degree of fibrillar packing as the cause of popping in 
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popcorn (da Silva et al., 1993; Hoseney et al., 1983; Watson, 1987). Hoseney et al. (1983) 
suggested a mechanism involving the pericarp acting as a barrier allowing pressure to build 
in the kernel, and differential expansion of the translucent (hard) and opaque (soft) 
endosperms causes the kernel to explode when heated. 
 Other factors associated with popping expansion volume include kernel moisture 
content, kernel size (Song et al., 1991), kernel position on the ear (Lyerly, 1942), and kernel 
density (Park and Maga, 2002). Moisture content, however, is considered to be the most 
important factor as it is believed to be associated with the extent of pressure build-up in the 
kernel during popping (Hoseney et al., 1983). The optimum grain moisture content for 
maximum popping expansion has been determined to be 13.5 to 14% (Metzger et al., 1989; 
Ziegler, 2001), but values ranging from 12 to 14%, depending on genotype, popping method, 
and method of measuring moisture, have been reported (e.g. Eldredge and Lyerly, 1943). 
Correlation of popping expansion volume with some kernel lipids and storage proteins has 
also been reported. In particular, significant correlation coefficients have been detected 
between popping expansion volume and oleic acid (r = -0.7; P<0.01), linoleic acid (r = 0.6; 
P<0.05), α – zein proteins (r = 0.98), and gluteins (r = 0.86) (Borras et al., 2006). 
 
Popcorn improvement 
 Breeding methods used in dent and flint maize improvement are also used in popcorn 
breeding programs. These methods have been extensively reviewed elsewhere (Hallauer and 
Miranda, 1988; Hallauer et al., 1988). The major difference between dent maize and popcorn 
breeding is in the primary traits emphasized. Whereas emphasis is placed on yield and other 
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productivity traits in dent and flint maize, popping quality traits are the primary target for 
popcorn breeding programs (Ziegler, 2001). 
 Selection for productivity traits within the popcorn gene pool has not been effective 
presumably because there is little genetic variation for yield and other agronomic traits in 
popcorn (Ziegler, 2001). Based on phenotypic divergence, and an allozyme and 
microsatellite locus allele frequency survey of publicly available popcorn germplasm, 
popcorn seems to be genetically diverse (Santacruz-Varela et al., 2004). However, when 
compared with the dent and flint maize gene pools, popcorn appears to have the lowest 
genetic diversity (Kantety et al., 1995; Liu et al., 2003). Dent and flint maize germplasm 
sources can be used in popcorn improvement, but germplasm sources become less useful as 
they become more unrelated to popcorn because of the negative effects of the exotic 
germplasm on popping expansion volume (Ziegler, 2001). The need to adhere to popcorn 
quality standards therefore restricted most popcorn breeders to using popcorn germplasm 
sources in their breeding programs. 
 Some popcorn breeding programs have used selection indices (Baker, 1986) to 
improve popcorn productivity (Ziegler, 2001), but quality traits have always been weighted 
heavier than yield and other agronomic traits. Also, because selection for joint performance 
for n traits that are uncorrelated results is a selection response that is 1/(n½) times as large as 
the expected response for one trait (Hazel and Lush, 1942), the low weights assigned to 
agronomic traits coupled with the increased number of traits included in selection indices 
may be partly responsible for the improvement of popcorn productivity lagging behind that 
of dent maize. 
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 Ziegler (2001) suggested that one of the reasons for the difference in productivity 
between popcorn and dent maize is that there has been limited effort directed to genetic 
improvement of popcorn compared to dent maize. Evidence from the literature suggests that 
this is probably true. The literature is cluttered with studies evaluating and describing 
recurrent selection response in dent maize (e.g. Weyrich et al., 1998 and references therein), 
while only a few published studies can be found for popcorn. Thomas and Grissom (1961) 
published one of the few recurrent selection studies for popcorn. They used reciprocal 
recurrent selection to improve a popcorn population for popping expansion, yield, and root 
lodging. Their results from two cycles of selection indicated that the population means 
changed in the desired directions for all traits. Foresman (2003) evaluated four cycles of S1 
recurrent selection for popping quality traits and root lodging and European corn borer 
[Ostrinia nubilalis (Hübber)] damage and reported response to selection for popping 
expansion volume and root lodging, and no response for European corn borer damage. The 
results of these few studies indicate that despite limited genetic variation, some response to 
selection for productivity in popcorn populations may be realized. 
 
Quantitative genetics studies of popping expansion volume 
 Quantitative genetics of popping expansion volume has been mostly studied with 
various forms of generation mean analysis (Mather, 1949) in crosses involving genotypes 
with contrasting popping abilities (Crumbaker et al., 1949; Dofing et al., 1991; Larish and 
Brewbaker, 1999; Lyerly, 1942). Lyerly (1942) reported that crosses between inbred lines 
with high popping expansion volume tended to have high popping expansion volume, and 
crosses with low popping expansion volume had low popping expansion volume. In addition, 
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when inbred lines with low popping expansion volume were crossed to inbred lines with high 
popping expansion volume, the progeny had intermediate popping expansion volume 
(Lyerly, 1942). These results suggested that popping expansion volume is a heritable trait 
and that inheritance is mainly of the additive type. Heritability of popping expansion volume 
was also demonstrated by studies that showed high correlation (r >0.75) correlation between 
popping expansion volume of F2 plants and their F3 lines in crosses involving inbred lines 
with contrasting popping expansion volume (Robbins and Ashman, 1984). 
 Using crosses of dent and popcorn inbred lines Crumbaker et al. (1949) reported 
results suggesting partial dominance of the low popping expansion parent (dent) over the 
high popping expansion parent (popcorn). Their data also suggested that two backcrosses to 
the popcorn recurrent parent were sufficient to recover popping expansion volume 
comparable to that of the popcorn parent. Dofing et al. (1991) used mean generation analysis 
in two crosses involving dent and popcorn inbred lines and demonstrated that additive 
genetic effects are more important than dominance or non-additive types of epistatic 
interactions in determining popping expansion volume. They also found small dominance 
effects that contributed to low popping expansion volume, in agreement with the 
observations of Crumbaker et al. (1949). Similar results were reported by Larish and 
Brewbaker (1999) who used a population diallel and an inbred line diallel to study the 
inheritance of popping expansion in tropical and temperate popcorn and flint maize 
germplasm. 
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Dent germplasm in popcorn improvement 
 Although previous quantitative genetics studies were useful in designing successful 
breeding strategies for popping expansion volume and its constituent quality traits (reviewed 
by Ziegler, 2001), low productivity of most popcorn hybrids remains a concern for popcorn 
producers and breeders. Because the popcorn gene pool appears to lack favorable alleles for 
most agronomic traits (Ziegler, 2001), dent maize is a potential source of favorable alleles for 
improving productivity of popcorn. However, the utility of dent maize to improve popcorn 
productivity is limited by its low popping expansion volume. The challenge faced by popcorn 
breeders is to achieve improved agronomic performance while increasing or maintaining 
popping expansion volume when introgressing dent alleles into popcorn germplasm. 
 Simmonds (1993) described two general strategies for use of crop exotic germplasm 
in breeding programs: incorporation and introgression. Incorporation, whose main objective 
is to broaden the germplasm base, involves conducting many cycles of mild recurrent 
selection for adaptation to the target environment in the exotic population. Crosses to elite 
germplasm will only be made when the exotic germplasm is sufficiently productive. 
Obviously, with the rapid turnover of commercial hybrids estimated at less than 7 yr in 1981 
and predicted to become shorter (Duvick, 1984), this strategy is not suited to most 
commercial breeding programs because it requires commitment to a long-term (e.g. >10 yr) 
breeding program. In contrast, introgression involves transferring whole chromosomes, or 
chromosome segments or specific alleles affecting a specific easily identifiable phenotype 
(e.g. disease resistance) from the exotic germplasm to the elite gene pool by backcrossing. 
Introgression is most suited to short term breeding objectives, but it is unsuited for traits 
controlled by several loci, including most traits of agronomic importance. 
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 In popcorn, hybridization and phenotypic backcrossing has generally led to inbred 
lines with increased kernel weight and grain yield but reduced popping expansion volume 
when compared to the popcorn parent (Johnson and Eldredge, 1953; Ziegler, 2001). Possible 
causes of loss of popping expansion volume during backcrossing include retention of 
undesirable donor DNA sequences in regions linked to loci affecting popping expansion (e.g. 
Young and Tanksley, 1989), failure to retain favorable alleles at all loci, and an undesirable 
change in the effect of an allele due to changes in genetic background (e.g. Sebolt et al., 
2000). The negative effects of dent germplasm may be minimized by using marker-assisted 
selection (MAS) to transfer specific chromosome segments from dent maize to popcorn, a 
strategy that has been demonstrated in sunflower (Brahm et al., 2000) and rice (Sanchez et 
al., 2000). 
 
QTL mapping in dent x popcorn populations 
 Use of MAS in popcorn improvement using dent germplasm requires an 
understanding of the genetic architecture of popping expansion volume and other target traits 
in dent x popcorn reference populations. Estimates of the nature, number and distribution of 
genetic factors affecting popping expansion volume and other traits are few for dent x 
popcorn populations. QTL for popping expansion have been mapped in temperate dent x 
popcorn (Lu et al., 2003), tropical flint x popcorn (Babu et al., 2006), and Chinese dent x 
popcorn (Li et al., 2007a; Li et al., 2007b) populations. The number of QTL detected in these 
studies ranged from four to six. Some of the QTL were detected in different regions 
(chromosomes and bins) of the genome, indicating that different genetic factors were 
associated with popping expansion volume in different populations. However, there are some 
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regions of the maize genome (bins) where QTL have been detected in all published studies to 
date. For example, all five published studies have detected at least one QTL for popping 
expansion volume in bins 1.03 – 1.05 (Babu et al., 2006; Li et al., 2007a; Li et al., 2007b; Lu 
et al., 2003). For most of the QTL detected in previous studies, the popcorn allele increased 
popping expansion volume. QTL where a dent or flint allele increased popping expansion 
volume have also been reported (Babu et al., 2006; Li et al., 2007b). 
 Few studies have reported QTLs for kernel weight in dent x popcorn or flint x 
popcorn populations (Li et al., 2007c). Kernel weight is highly correlated with grain yield 
and has higher heritability than grain yield (Hallauer and Miranda, 1988). Therefore, popcorn 
grain yield can be increased by selecting for kernel weight. A previous study assessed the 
feasibility of advanced backcross QTL (AB-QTL) analysis for the detection and transfer of 
yield component trait QTL alleles from dent maize to popcorn (Li et al., 2007c). In that 
study, 220 BC2F2 plants were analyzed and 35 BC2S1 families with popping expansion 
volume as high as the popcorn parent were isolated. The families also had kernel weight 
greater than that of the popcorn parent (Li et al., 2007c). However, it is unlikely that all the 
35 families with high popping expansion volume and kernel weight had favorable alleles at 
the respective QTL. 
 
QTL for flowering time and plant height in maize 
 Flowering time and the associated trait plant height are important determinants of a 
genotype’s adaptation to its growing environment (Camus-Kulandaivelu et al., 2006; Dwyer 
et al., 1999). QTL for flowering time and plant have been reported in several studies 
(Chardon et al., 2005; Chardon et al., 2004 and references therein). In a meta-analysis study, 
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313 QTL representing 22 published studies and 67 experiments (set of genotypes evaluated 
at one location or year) into 62 consensus QTL locations for flowering time (Chardon et al., 
2004 and references therein). However, few if any of the studies summarized in the meta-
analysis study were conducted in dent x popcorn reference populations. The results of 
previous studies suggest that flowering time is genetically heterogeneous, i.e. it is a trait 
controlled by several loci. Because of genetic heterogeneity, only a subset of loci controlling 
a trait is expected to be segregating in each biparental population (Holland, 2007). Genetic 
heterogeneity and the limited sampling of dent x popcorn populations in previous studies 
present an opportunity for detection of different sets of QTL in such populations.  
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Abstract 
 
 Dent maize is a potential source of favorable alleles to improve the productivity of 
popcorn, but its utility is hindered by dent alleles with negative effects on popping expansion 
volume (PEV), an important quality trait of popcorn. If the genetic architecture of PEV in 
dent x popcorn populations is known, the negative effects of dent germplasm on PEV may be 
minimized by DNA marker-aided breeding approaches. QTL for PEV and kernels weight 
(KW) were mapped in a population of 189 F2 plants and their F2:3 families derived from 
inbred lines B104 (dent) and BP3 (popcorn). For PEV, seven QTL accounting for 82% of the 
phenotypic variance were detected on chromosomes 1 (bins 1.03 and 1.07), 2 (bin 2.03), 3 
(bin 3.04), 5 (bin 5.06), 8 (bin 8.07), and 9 (bin 9.03). The BP3 allele increased PEV at all 
loci, with the exception of the QTL on chromosome 8 where the B104 allele increased PEV. 
For KW, six QTL accounting for 66% of the phenotypic variance were detected on 
chromosomes 1 (bins 1.03 and 1.05), 6 (bin 6.03), 7 (bin7.02), 8 (bin 8.04), and 9 (bin 9.02). 
At all loci, the B104 allele increased KW. KW QTL on chromosomes 1 (bins 1.03 and 1.05) 
and 9 were close to the map positions of PEV QTL, suggesting either linkage or pleiotropy as 
the genetic cause of the statistically significant phenotypic (rp) and genotypic (rg) linear 
correlation (rp = -0.55 ± 0.04; rg = -0.68 ± 0.05) detected between the two traits. The QTL 
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detected in this study could be used to identify genotypes carrying favorable alleles for PEV 
and KW in a breeding program to improve productivity of BP3.  
 
Introduction 
 Popcorn and dent maize are distinct gene pools and are maintained and utilized as 
such in maize breeding programs (Holland 2007; Ziegler 2001). The genetic improvement of 
popcorn for grain yield, stalk strength, disease resistance, and insect pest resistance has 
lagged behind that of dent maize, perhaps because the popcorn gene pool lacks favorable 
alleles for these traits (Ziegler 2001). Also, popcorn germplasm must meet unique grain 
quality standards for it to be accepted by popcorn producers. Therefore, breeders have 
emphasized grain quality more than yield and other related traits even though productivity is 
desired by popcorn growers (Ziegler 2001). 
 The potential value of dent maize as a source of alleles to improve popcorn 
productivity has been recognized (Crumbaker et al. 1949; Dofing et al. 1991; Johnson and 
Eldredge 1953). The challenge for popcorn breeders is to improve productivity while 
increasing or maintaining PEV and other quality traits when using dent maize germplasm in 
popcorn breeding programs. One approach to improvement of popcorn for agronomic traits 
while maintaining PEV and other quality traits is hybridization and backcrossing to a 
popcorn recurrent parent. This approach has generally led to inbred lines with increased 
kernel weight and grain yield but reduced PEV when compared to the popcorn parent 
(Johnson and Eldredge 1953; Ziegler 2001). Possible genetic causes of reduced PEV include 
retention of unwanted and linked dent genetic factors during backcrossing (linkage drag), 
change in effect of an allele due to changes in genetic background, and failure to recover 
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alleles that increase PEV at important loci. Depending on the nature and distribution of 
genetic factors, PEV may be maintained by use of a DNA marker-aided breeding approach. 
This approach requires that the loci associated with PEV and other traits be identified. 
Quantitative trait locus (QTL) mapping is one approach to identify loci underlying genetic 
variation in PEV and other desired traits. 
 Few QTL mapping studies have been conducted for PEV and other quality traits in 
maize. QTL for PEV and other related traits were mapped in a tropical flint x popcorn 
population evaluated in two distinct environments (Babu et al. 2006). However, by reporting 
results for the mean across environments, the study did not address possible QTL x 
environment (QTL x E) interactions despite reporting significant genotype x environment (G 
x E) interaction for all traits. QTL for PEV and kernel weight were also mapped in a Chinese 
dent x popcorn population evaluated in two contrasting environments but QTL were also 
reported for the means across environments (Li et al. 2007a; Li et al. 2007b). In a temperate 
dent x popcorn maize population, QTL for PEV were mapped in backcross progeny 
evaluated at three locations, but the study also failed to assess the consistency with which 
QTL were detected across environments because experiments were not replicated at each 
location (Lu et al. 2003). Despite their limitations, these studies have identified genomic 
regions associated with PEV and other traits, even though some QTL were different among 
the studies (Babu et al. 2006; Li et al. 2007a; Li et al. 2007b; Lu et al. 2003). 
 Inconsistent detection of QTL across populations and environments is a common 
feature of QTL mapping studies because of genetic heterogeneity (i.e. several loci controlling 
the same trait) and QTL x E (e.g. Li et al. 2003). Due to genetic heterogeneity, only a subset 
of loci affecting a quantitative trait will be segregating and thus identified in a biparental 
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population (Holland 2007). The genotype and environment context dependencies resulting in 
part from genetic heterogeneity and QTL x E (Holland 2007; Podlich et al. 2004) make 
extrapolation of QTL information beyond the target reference population and environment an 
ineffective approach for improving quantitative traits with marker-assisted selection (MAS). 
 In this study, QTL for PEV and KW were mapped in the F2 plants and their F2:3 
families derived from a single-cross between a dent inbred line B104 and a popcorn inbred 
line BP3. Because the two inbred lines represent elite germplasm in their respective gene 
pools, the B104 x BP3 population has direct relevance to popcorn breeding objectives. KW is 
correlated with grain yield and has higher heritability than grain yield (Hallauer and Miranda 
1988). For that reason, the QTL detected in this population may be used to select for 
increased KW and as a result improve BP3 for grain yield. QTL for PEV may be used to 
ensure retention of favorable alleles for PEV during introgression of B104 alleles into BP3. 
The objective of this study was to map and analyze QTL associated with PEV and KW in the 
B104 x BP3 maize population. Secondary objectives were first to assess the feasibility of 
selecting for increased PEV and kernel weight based on the correlation between the traits and 
the location of their respective QTL in the same population, and then to assess the 
consistency with which QTL effects will be detected across environments (years) in relation 
to the magnitude of G x E variance. 
 
Materials and Methods 
 Germplasm and mapping population 
 B104 is a dent inbred line derived from BS13(S)C5-13, a Stiff Stalk Synthetic (BSSS) 
strain. The inbred line has good disease and pest resistance along with desirable productivity 
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traits (Hallauer et al. 1997), but typical of dent maize, it has low PEV (7 cm3 g-1), i.e. low 
volume of popped kernels per unit weight of unpopped kernels. BP3 was developed from 
cycle 2 of an S1 recurrent selection program in the popcorn population BSP2C1 (Ziegler 
1990). BP3 has a PEV of 50 cm3 g-1. BP3 also has smaller kernels than B104 (15 g per 100 
kernels for BP3 vs. 30 g per 100 kernels for B104). 
 The B104 x BP3 F1 generation was made at the Agronomy and Agricultural 
Engineering Research Center (AAERC) in 2001. F1 plants were grown and self-pollinated in 
the greenhouse during December 2001 – March 2002 to form the F2 generation. 
 
Genotyping and genetic map 
 Fully expanded leaf tissue was harvested from the parental inbred lines, their F1, and 
F2 plants after anthesis and prior to senescence, and then lyophilized. DNA was extracted 
from lyophilized tissue using a modified CTAB protocol (Saghai – Maroof et al. 1984). The 
genotypes of the 189 F2 plants were determined at 134 simple sequence repeat (SSR) loci 
chosen to maximize genome coverage. 
Each PCR contained 5 µl of extracted DNA (diluted with deionized H2O to 10 ng/µl), 
0.5 µl of each of the forward and reverse primers at 5 pmol/µl, 1.5 µl 10X buffer at pH 8.3, 
10 mM dNTPs, 25 mM MgCl2, and 0.5 U/µl Taq polymerase. The reactions were performed 
with PTC-100 thermocyclers (MJ Research, Inc., MA) using the amplification conditions of 
95°C for 1 min, followed by 30 cycles at 94°C for 1 min, 55-58°C for 1 min, and 72°C for 1 
min, followed by a final extension at 72°C for 10 min. Reaction products were 
electrophoresed on 4% metaphor agarose gels and visualized by staining with ethidium 
bromide prior to photographing and determining the genotype. The genotypes at each locus 
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were scored as ‘A’ for the BP3 homozygote, ‘H’ for the heterozygote, and ‘B’ for the B104 
homozygote. 
Each locus was tested for deviation from the expected 1:2:1 genotype ratio using a 
chi-squared test. A sequential chi-squared test (Lorieux et al. 1995; Pham et al. 1990) was 
used to determine whether deviation from expected ratios was due to factors affecting the 
ability of pollen to effect fertilization or factors affecting viability of the zygote. The genetic 
map was constructed using Mapmaker/Exp version 3.0 (Lander and Botstein 1989). The 
“group” command was used to detect subsets of loci representative of the 10 linkage groups 
based on prior information from Maize GDB (http://www.maizegdb.org; verified November 
29 2007). Two loci that were assigned to a particular group with LOD score >5.0 were 
chosen as anchors for the linkage group. The “assign” command was then used to place the 
rest of the loci on the 10 linkage groups at a LOD score of 3.0 and maximum distance of 40 
cM, followed by the “order” command to determine the most likely linear arrangement of 
loci on the genetic map. 
 
Field experiment design 
 The parental inbred lines, the F1, and 550 F2 plants were grown in 3 m long rows 
spaced 0.75 m apart with 0.25 m between plants within a row at the AAERC during May – 
September 2002. The nursery was hand-planted at a rate of two kernels per hill and later 
thinned at the V3 stage (Ritchie et al. 1996) to one plant per hill. All ears on each F2 plant 
were self-pollinated to ensure production of adequate F2:3 family seed for evaluating PEV 
and for conducting replicated experiments. At harvest, 189 F2 plants with adequate seed for 
replicated evaluation were chosen.  
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 The 189 F2:3 families plus the two parents (each repeated twice) and their F1 hybrid 
(repeated three times) were hand-planted in single rows 3 m long with 0.75 m between rows 
and 0.25 m between plants within rows in 2003 and 2004. Plots were arranged in a 14 x 14 
lattice design with three and two replications in 2003 and 2004, respectively. Due to shortage 
of space at the AAERC in 2003, one replication was planted on May 17 at Curtis Farm near 
Ames, Iowa. The other two replications were planted at the AAERC on May 19. The two 
locations, which are approximately 10 km apart, have similar soils (classified as Nicollet and 
Webster clay loam), and are considered similar with respect to rainfall and temperature. Both 
replications were planted on May 12 2004 at the AAERC. In both years, the experiments 
were hand-planted at a rate of 2 kernels per hill, and plots were thinned at the V3 stage to one 
plant per hill. 
 Plots were fertilized with 70 kg N ha-1 before planting. Herbicides atrazine (6-chloro-
N-ethyl-N’-(1-methylethyl)-1,3,5-triazine-2,4-diamine) and s-metalochlor (2-chloro-N-(2-
ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide) were applied preplanting in 
both years at the rates of 0.9 L ha-1 and 0.7 L ha-1, respectively. Post-emergence weeds were 
controlled manually in both years. 565 mm of rainfall were recorded at both the AAERC and 
Curtis Farm during the 2003 season (May – September). Although the total rainfall was 26 
mm higher than the 30-year average, an 85-mm rainfall deficit in August may have subjected 
plants to moisture stress during the grain-fill period in 2003. The 2004 rainfall was more 
evenly distributed, but the recorded total of 515 mm was lower than the 30-year average and 
the 2003 total. In 2003 and 2004, the average temperatures for May to September were 0.3 
and 0.5oC lower than the 30-year average. 
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 In both years and for the two locations in 2003, six plants within a row were self-
pollinated at flowering to produce kernels used for measuring PEV, 10-g kernel counts 
(number of kernels in a 10-g sample), and kernel weight (KW). Plants were self-pollinated to 
minimize any xenia effects on PEV and KW. Ears were hand-harvested, hand-shelled, 
cleaned, and an equal quantity of kernels from each self-pollinated ear was mixed to 
constitute the sample for each plot of each F2:3 family. 
 
Measurement of popping expansion volume and kernel weight 
 To measure PEV, kernels from both F2 plants and their F2:3 families were dried to a 
moisture content of 135–140 g/kg, which has been determined to be the optimal moisture 
content for maximizing PEV (Metzger et al. 1989). A 10-g sample of kernels from each F2 
plant was heated in a microwave and the volume of the popped kernels was measured in a 
200-mL cylinder. PEV evaluation of the F2:3 families used a sample of 30 g. 
 The average KW was estimated from the number of kernels in a 10-g sample by 
dividing the weight by the number of kernels in the sample for both F2 and F2:3 samples. The 
average weight of each kernel was then multiplied by 100 for computational convenience. 
 
F2:3 phenotypic data analysis 
 PEV, 10-g kernel counts (KN), and KW were subjected to statistical analysis for each 
year separately and then for both years combined (combined analysis). KN was eliminated 
from further analyses because it was highly correlated with KW (r = 0.98 ± 0.002). The two 
traits were expected to be correlated because KW was derived from KN. The Shapiro-Wilk 
test of normality (Shapiro and Wilk 1965) was significant for PEV (P<0.05) but not 
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significant for KW (P = 0.47), indicating that the genotypes were sampled from a population 
with a nonnormal distribution for PEV. However, the deviation from normality did not 
suggest that a transformation of data would be necessary or helpful. 
 Equality of residual variances for the one replication planted at Curtis Farm and the 
two replications at the AAERC in 2003 was assessed by fitting an unequal variance model 
using Proc Mixed (Littell et al. 2006) with location as the grouping variable. The same 
procedure was also used to assess equality of residual variances for years. Residual variances 
were considered unequal if their 95% confidence intervals did not overlap. Then data were 
analyzed using the model , where is the incidence matrix of fixed effects, 
is the vector of fixed effects, is the incidence matrix of random effects, u is the vector of 
random effects, and e is the vector of residuals. Replications, incomplete blocks, and years 
were considered fixed while genotypes were considered random. Fitting of genotypes as 
random effects was considered appropriate because the 189 F2 plants were considered an 
unselected sample from the F2 generation. Consistent with a random effects model, best 
linear unbiased predictors (BLUPs) were computed for each genotype using the SOLUTION 
option with the RANDOM statement in SAS (Littell et al. 2006; SAS Inst.1999). Because 
SAS estimates the random effect of each genotype as a deviation from the sample mean, the 
BLUP for each genotype was then obtained by adding the overall mean to the predicted 
random effect. 
Y = Xβ+ Zu + e
Z
X
β
 Proc Mixed (SAS Inst.1999) was also used to implement restricted maximum 
likelihood (REML) estimation of linear phenotypic and genotypic correlation coefficients 
according to methods described by Holland (2006). REML estimation was used to obtain a 
large – sample asymptotic variance – covariance matrix (SAS Inst.1999) in an analysis that 
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considered genotype effects as random. Years, replications, and incomplete blocks within 
replications were fit as fixed effects. Approximate sampling variances and standard errors of 
the phenotypic and genotypic correlation coefficients were obtained using the delta method 
(Holland et al. 2003; Lynch and Walsh 1998). REML-based genotypic and phenotypic 
variances were also used to compute entry and plot mean broad-sense heritability estimates 
as: 22
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σ σ σ= + + ,where r and y are the number of 
replications and years respectively, 2gσ  is the genetic variance, 2σ is the error variance, and 
2
gyσ is the genotype-year interaction variance (Holland et al. 2003). Approximate standard 
errors of the heritability estimates were derived from the asymptotic distributional properties 
of REML variance estimates using the delta method (Holland et al. 2003). Additional 
estimates of heritability were obtained by regression of F2 phenotypic data on the BLUPs of 
their F2:3 families. 
 
QTL mapping 
 Individual F2 plant data and BLUPs of the F2:3 families from each year and both years 
combined (combined analysis) were used to map QTL using Windows QTL Cartographer 
version 2.5 (Wang et al. 2007). Composite interval mapping (CIM) was first used to find 
candidate QTL positions to fit the initial multiple interval mapping (MIM) model (Kao et al. 
1999; Zeng et al. 1999). The empirical LOD threshold for each trait was determined from 
1000 permutations at α= 0.05 (Churchill and Doerge 1994) with Windows QTL 
Cartographer. QTL detected at a LOD greater than or equal to 2.5 were used as the initial 
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QTL model for MIM. MIM has several potential advantages over CIM, including less bias in 
proportion of variance explained by each QTL, ability to better resolve linked QTL, and 
detection of epistasis (Kao 2000). 
 To detect QTL using MIM, iterative procedures described by Zeng et al. (1999) and 
Tao et al. (2003) were followed with minor modifications. Because CIM fits one QTL at a 
time, the position of selected QTL in the MIM model were optimized before estimation of 
genetic effects. Position optimization was performed with Windows QTL Cartographer 
(Wang et al. 2007) for each QTL in a sequential order by evaluating the model likelihood for 
possible positions conditional on the positions of other QTL in the model. The position that 
maximized the model likelihood is chosen as the new position of the QTL (Tao et al. 2003). 
The QTL main effects (additive and dominance) and their interactions were then tested. QTL 
positions and epistatic interactions that were not significant according to Bayesian 
information criterion (BIC) were eliminated from the model. Next, additional QTL were 
searched and added to the model followed by optimization and testing of QTL effects of the 
new model. Revised models were accepted if they significantly decreased BIC according to 
procedures in Windows QTL Cartographer (Wang et al. 2007). 
 Searching, optimization, and testing were repeated until no additional QTL could be 
added or deleted from the model based on BIC. The final model was one that significantly 
decreased BIC, and had QTL that were significant at a LOD greater or equal to 2.5. QTL 
effects of the final model and the proportion of phenotypic variance explained by each QTL 
in the model (R2) were simultaneously estimated with Windows QTL cartographer (Wang et 
al. 2007). The proportion of genetic variance explained by the final QTL model was obtained 
by dividing R2 by the entry mean broad-sense heritability of the trait (i.e. R2/H2). 
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 To determine whether colocalization of QTL for PEV and KW was due to linkage or 
pleiotropy, the traits were mapped jointly (i.e. mapping QTL for both traits simultaneously) 
using the multi-trait MIM option in Windows QTL Cartographer (Wang et al. 2007). A test 
of pleiotropy versus linkage was performed by evaluating two hypotheses using a method 
proposed by Jiang and Zeng (1995): for two linked QTL detected separately at position p(1) 
for PEV and position p(2) for KW, the null hypothesis (Ho) was (1) (2) p p= versus the 
alternative hypothesis (H1) (1) (2) p p≠  (Jiang and Zeng 1995). The test statistic was the 
likelihood ratio of the two alternative hypotheses, LR = ln(L1/L0), where ln is the natural 
logarithm, L0 is the likelihood of H0 and L1 is the likelihood of H1.  The likelihood ratio 
statistic asymptotically approaches a chi-squared distribution with 1 degree of freedom at the 
null hypothesis of pleiotropy (Jiang and Zeng 1995). Statistical significance of the likelihood 
ratio was therefore tested by assuming a chi-squared distribution with 1 degree of freedom. 
 
Results and Discussion 
Genetic map and segregation distortion 
 The genetic map had 123 locus intervals spanning 1411 cM, with an average distance 
between loci of 12 cM. This average distance between loci was not expected to reduce 
precision of QTL in this study because it was smaller than the expected resolution of QTL in 
F2 populations (Kearsey and Farquhar 1998; Piepho 2000). The assignment and order of loci 
on linkage groups was consistent with published genetic maps at Maize GDB 
(http://www.maizegdb.org; verified November 29 2007). Genotypic segregation ratios of 21 
SSR loci deviated significantly (P<0.05) from their expected ratios (Fig. 1; Table 1). Ten 
contiguous loci with highly significant (P<0.01) deviation from expected ratios mapped to 
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chromosome 4 (Fig. 1; Table 1). Deviation from expected genotypic ratios was highest at 
locus umc1294 in bin 4.02 (Table 1) with only 0.5% (one plant) of the expected 25% B104 
homozygotes observed (Table 1). At each of the 10 contiguous loci in that region of linkage 
group 4, there was an excess of BP3 homozygotes and a deficiency of B104 homozygotes 
(Table 1).  
 Deviation from expected genotypic frequencies is a common phenomenon in maize 
(Gardiner et al. 1993; Helentjaris et al. 1986; Longley 1945; Lu et al. 2002; Rhoades 1942; 
Wendel et al. 1987), and could result from several factors, both genetic and nongenetic. In 
some dent x popcorn crosses, deviation from expected frequencies of loci in bin 4.02 would 
be expected due to the male gametophyte factor, Ga1 (Mangelsdorf and Jones 1926). Some 
popcorn genotypes have the dominant dent super sterile Ga1s allele at the Ga1 locus, whereas 
dent maize has the recessive ga1s allele. Both Ga1s and ga1s pollen have an equal chance of 
successful pollination on a ga1s/ga1s silk, but Ga1s pollen grows faster in a Ga1s/Ga1s or 
Ga1s/ga1s silk than the ga1s pollen, resulting in less than 1% ga1s/ga1s genotypes in such 
matings (Schwartz 1950). The segregation distortion on chromosome 4 is consistent with 
Ga1s in that there was a deficiency of B104 homozygotes (ga1s/ga1s) at the 10 loci on 
chromosome 4. 
 Based on a sequential chi-square test, deviation from expected ratios appeared to be a 
result of factors that affected viability of the B104 homozygote rather than the B104 male or 
female gamete (Table 1). Such deviation from Hardy-Weinberg equilibrium frequencies 
would be indicative factors affecting the survival of the zygote (Lorieux et al. 1995). If 
segregation distortion results from factors affecting the ability of the gamete to effect 
fertilization or be fertilized, then the surviving gametes would be expected to unite randomly 
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resulting in Hardy-Weinberg equilibirium genotypic frequencies. Genotypic frequency 
deviations associated with Ga1 would be classified as zygotic rather than gametic because 
preferential pollination of Ga1s/Ga1s and Ga1s/ga1s silks by Ga1s pollen would result in 
genotypic frequencies that deviate from their expectation based on the assumption of random 
union of gametes (Table 1).  
 Segregation distortion does not affect genetic map distances and QTL positions if 
deviation from expected frequencies results from effects of one locus (Bailey 1949; Lorieux 
et al. 1995; Lu et al. 2002). However if one genotypic class is completely missing, the 
presence of Ga1s in popcorn may prevent the detection of QTL linked to Ga1 in popcorn x 
dent maize populations. For example, if absence of the B104 homozygote at the Ga1 locus 
eliminates statistical association between genotype and phenotype, QTL linked to Ga1 may 
not be detected. From a popcorn breeding point of view, however, the presence of Ga1s may 
have both positive and negative effects on dent germplasm introgression. The presence of 
Ga1s may cause retention of favorable popping quality alleles at linked loci, but Ga1s may 
also favor retention of undesirable popcorn alleles thereby making it more difficult to 
introgress dent alleles at linked loci. 
 Another region with distorted segregation was detected on chromosome 8 where the 
genotypes of five contiguous loci deviated from their expected frequencies (Fig. 1; Table 1). 
The nature of deviation from expected ratios on chromosome 8 was different from that on 
chromosome 4 in that there was a deficiency of BP3 homozygotes and excess heterozygotes 
and B104 homozygotes (Table 1). The deviation of genotype frequencies on chromosome 8 
seemed to be caused by factors that favored the B104 gamete (either male or female), i.e. 
factors affecting gamete viability (Table 1). No known gametic factors have been mapped to 
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bins 8.02 – 8.03, but previous studies have also reported segregation distortion loci in that 
region (Lu et al. 2002). Except for two linked loci on chromosome 9, the other loci with 
significant deviation from expected genotypic ratios were not contiguous. Deviation of 
individual loci from expected genotypic ratios may have a genetic basis, but can also result 
from other sources such as genotyping errors. Distorted genotype frequencies on 
chromosomes 8 and 9 were not expected to affect detection of QTL because the deviations 
were small (Table 1). 
 
QTL for popping expansion volume  
 Broad-sense heritability estimates for PEV were higher in 2003 than in 2004 (Table 
2). This result suggests that precision of genotypic values in 2003 was not affected by 
potential G x E interaction resulting from having replications at different locations. Higher 
heritability in 2003 than in 2004 and equality of variances for the two locations indicated that 
there was little G x E interaction and justified combining the three replications in the 
estimation of genotypic values for PEV. In addition, the results also suggest that the power to 
detect QTL was not affected by having replications of the experiment at different locations in 
2003. 
 Seven QTL accounting for 82% of the phenotypic variance and 89% of the genetic 
variance were detected for PEV in the combined analysis of F2:3 families. The QTL were on 
chromosomes 1 (bins 1.03 and 1.07), 2, 3, 5 and 8 (Table 3). At six of those QTL, the BP3 
allele increased PEV. The dent parent B104 had an allele that increased PEV on chromosome 
8. The QTL on chromosome 8 also had a statistically significant dominance effect with the 
heterozygote having lower PEV than the average of the two homozygotes (Table 3). 
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Although six QTL were detected in both years (Table 3), the regions detected in each year 
were different. The QTL near locus phi109275 on chromosome 1 was detected in 2003 but 
not in 2004 while that near locus umc2237 was detected in 2004 but not in 2003 (Table 3). 
This inconsistent detection of QTL was suggestive evidence for QTL x E for these two QTL, 
and could explain the small but statistically significant G x E interaction variance (Table 2). 
The other five QTL were detected at approximately the same map positions and with similar 
magnitudes and direction of genetic effects (source of allele that increased or decreased PEV) 
in both years (Table 3). An additive x additive (A x A) epistatic effect was detected between 
QTL on chromosomes 2 and 5 such that the magnitude of the additive effect at SSR locus 
phi085 (chromosome 5) was larger when the genotype at dupssr27 (chromosome 2) was a 
BP3 homozygote than when it was B104 homozygote (Fig. 2). 
 Due to the presumably large environmental variance associated with quantitative trait 
data collected on individual plants, only QTL with large effects may be detected with such 
data and progeny. Among the seven QTL detected for PEV, those detected on chromosomes 
1 and 9 accounted for the largest proportion of phenotypic variance (Table 3). The QTL in 
bin 1.03 had the largest effect on PEV. In the F2 plants, a QTL accounting for 21% of the 
phenotypic variance was detected 10 cM from the position of the QTL detected in bin 1.03 in 
the combined analysis (Table 3). Although the F2 and F2:3 QTL were in different bins and 
locus intervals, they may be identifying some of the same genetic factors in that region. The 
large proportion of phenotypic variance (24%) explained by the QTL in bin 1.03 in F2:3 
families would make it the more likely candidate for the QTL detected in F2 plants. A large 
environmental variance may have caused the shift in position of the QTL in F2 plants. 
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 Only three of the seven QTL detected for PEV on chromosomes 1 (locus phi109275), 
3, and 5 (locus phi085) were in adjacent or the same bins as QTL detected in a previous 
study conducted with a temperate popcorn x dent population evaluated in similar conditions 
(Lu et al. 2003). Also, more QTL (7 vs. 4) which accounted for a higher proportion of 
phenotypic variance (82% vs. 45%) were detected in this study than in the previous study (Lu 
et al. 2003). Differences between the results reported herein and the previous study (Lu et al. 
2003) could be due, in part, to differences in the design and analytical methods. In the 
previous study, 160 BCS1 progenies were evaluated with one replication at three locations, 
while at least two replications were used to evaluate the 189 F2:3 families in this study. The 
field plot design used in this study allowed for better control of environmental variance 
within each year and facilitated estimation of G x E and assessment of consistency of 
magnitude and direction of QTL effects in the two years and the combined analysis (QTL x 
E). The F2 design also has greater power to detect QTL (Zou et al. 2001) and allows for 
estimation of more genetic parameters (dominance and dominance types of epistasis) than the 
backcross design used by Lu et al. (2003). In addition, the MIM QTL mapping method used 
herein has several advantages over the ANOVA method using by Lu et al. (2003) including 
ability to fit epistasis, ability to resolve linked QTL, less biased effects, and increased power 
to detect QTL (Kao 2000). 
 Three QTL for PEV detected herein also mapped to regions where QTL for PEV have 
been identified in Chinese dent x popcorn and tropical flint x popcorn populations. These 
regions include bins 1.03-1.05 and 1.07 -1.11 (Babu et al. 2006; Li et al. 2007a; Li et al. 
2007b) and bin 3.04 (Babu et al. 2006). Apart from the QTL detected by Lu et al. (2003) on 
chromosome 5, the rest of the QTL on chromosomes 2, 8, and 9 appear to be unique to this 
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study. Differences in the number and location of QTL detected herein and those identified in 
previous studies may be due to several causes. Detection of QTL depends on whether the loci 
are segregating for contrasting alleles and interaction among loci in the reference population 
(Holland 2007). In addition, QTL x E interactions may cause QTL to be detected in one 
environment, and not in another in the same or different populations, a phenomenon that has 
been observed in many QTL mapping studies in maize (e.g. Stuber et al. 1992), rice (e.g. 
Zhuang et al. 1997), and barley (e.g. Hayes et al. 1993). 
 The results of this study were consistent with other studies in which alleles that 
increased PEV were contributed by the popcorn parent at most loci (Table 3). Li et al 
(2007b) also reported a similar result for a dent x popcorn population, but for QTL on 
chromosome 7. In a flint x popcorn population, Babu et al. (2006) reported a flint allele that 
increased PEV at a QTL on chromosome10.  
 Because of the kernel resemblance of flint maize to popcorn, Babu et al. (2006) 
speculated that frequencies of alleles that increase PEV are higher in flint maize than in dent 
maize and that recovery of PEV would be easier in flint maize x popcorn crosses than in dent 
maize x popcorn crosses. The observation of dent alleles that increased PEV in this study and 
in others (Li et al. 2007b) suggests that the probability of recovering inbred lines with PEV 
as high as that of the popcorn parent is similar for both dent x popcorn and flint x popcorn 
crosses. Robbins and Ashman (1984) also arrived at a similar conclusion after analyzing dent 
x popcorn and flint x popcorn backcross populations. 
 The presence of a B104 allele that increased PEV suggests that the productivity of 
popcorn may be improved with dent germplasm while not only maintaining, but also 
increasing PEV if genotypes carrying favorable alleles at all QTL can be recovered. 
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However, genotypes with PEV values outside the range of the parents (transgressive 
segregants) were not observed in this population (Table 2). A commonly invoked genetic 
explanation for the occurrence of transgressive segregants is recombination between loci 
(QTL) with alleles that act in the same direction (+/-) resulting in individuals carrying alleles 
that increase or decrease the phenotype at more loci than the parental genotypes (Rieseberg et 
al. 2003). Although the B104 allele increased PEV at the QTL on chromosome 8, a genotype 
homozygous for favorable alleles at all QTL was not recovered in this population. 
Nevertheless, even if such genotypes could be isolated, increasing or maintaining PEV 
assumes that the effect of the QTL allele is not modified by changes of genetic background, 
which is not always true for some QTL (e.g. Sebolt et al. 2000). 
 
QTL for kernel weight 
 Using data from F2 plants, five QTL accounting for 47% of the phenotypic variance 
were detected for KW on chromosomes 1, 6, 7, 8, and 9. The genetic effects of the QTL were 
additive, with the B104 allele increasing KW at all loci (Table 3). Six QTL were detected for 
KW in the combined analysis of the F2:3 families, two of which were on chromosome 1 while 
the other four were on chromosomes 6, 7, 8, and 9 (Table 3). The six QTL collectively 
accounted for 66% of the phenotypic variance and 75% of the genetic variance in the 
combined analysis. Genetic effects were also additive, and the B104 allele increased KW at 
all loci (Table 3). 
 Four of the five QTL detected with F2 data on chromosomes 1, 7, 8, and 9 were 
within 5 cM of the positions detected with F2:3 family data (Table 3), suggesting that these 
QTL may be identifying the same genetic factors in both generations. Although the QTL 
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detected in F2 plants on chromosome 6 mapped 16 cM from the position detected in the 
combined analysis (Table 3), the two QTL could also be identifying the same genetic factor. 
The presumably large environmental variance associated with F2 data could have caused the 
position of the QTL on chromosome 6 to deviate from its true position resulting in the 
observed difference (Table 3). The relatively consistent detection of five of the six QTL 
detected with F2 and F2:3 datasets suggests that there was little increase in power to detect 
QTL derived from the additional evaluation of F2:3 families in replicated experiments. In 
other words, approximately the same number of QTL was detected with both F2 and F2:3 
family data. 
 The six QTL detected in the combined analysis of F2:3 families were not detected in 
both years. In 2003, all six QTL were detected in the same or adjacent bins whereas only four 
were identified in 2004. One of the two QTL on chromosome 1 (bin 1.05) and the QTL on 
chromosome 7 detected in 2003 and the combined analysis were not detected in 2004 (Table 
3). Inconsistent detection of QTL in the two years suggests QTL x E interaction, even though 
G x E interaction was not significant for KW (Table 2). Detection of more QTL in 2003 
suggests that the power to detect QTL was higher in that year than in 2004, perhaps due to 
the higher heritability estimates (Table 2). 
 The KW QTL on chromosomes 1 (bin 1.03), 7, and 8 were in the same or adjacent 
bins detected in previous studies (Li et al. 2007a; Li et al. 2007c) in popcorn x dent maize 
populations. The effects were also consistent with other studies in which the dent allele 
increased KW at all QTL (Li et al. 2007a; Li et al. 2007c). In addition, QTL detected in bins 
1.05, 7.02, 8.04, and 9.02 were in regions where QTL for KW were detected in previous 
studies conducted with dent maize populations (e.g. Austin and Lee 1996; Veldboom and  
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Lee 1994; Veldboom and Lee 1996). The KW QTL detected herein are therefore potential 
targets for selection to improve kernel weight and perhaps grain yield of BP3 with B104 
alleles. 
 
Joint mapping of QTL for popping expansion volume and kernel weight 
 Phenotypic (rp) and genotypic (rg) correlation coefficients between PEV and KW 
were significant and negative (rp = -0.55 ± 0.04; rg = -0.68 ± 0.05). Correlation between traits 
may result from several sources including pleiotropy, linkage, shared developmental 
processes (e.g. Houle 1991) or a shared environmental effect. The relatively large correlation 
coefficients between PEV and KW do not suggest a shared environmental effect. QTL for 
PEV and KW were detected in adjacent bins on chromosomes 1 and 9 (Table 3). The PEV 
QTL on chromosome 1 (position 59 cM) and the KW QTL at position 69 cM were in 
adjacent locus intervals (Table 3). On chromosome 9, the genetic distance between the PEV 
and KW QTL was 4 cM. The BP3 allele increased PEV and decreased KW on both 
chromosomes, indicating that favorable alleles for both traits were on different homologs. 
This association between PEV and KW QTL on chromosomes 1 and 9 may be a plausible 
explanation for the statistically significant linear correlation observed between the two traits. 
The genetic distances between the QTL, the configuration of alleles that increased PEV and 
KW, and the proportion of phenotypic variance explained by QTL for the respective traits 
(Table 3) on chromosomes 1 and 9 are consistent with the relatively large negative 
correlation detected herein. 
 Association of QTL for PEV and KW QTL on chromosomes 1 and 9 may be due to 
linkage or pleiotropy. Distinguishing between the two hypotheses (linkage or pleiotropy) 
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requires joint mapping of QTL for both traits (Jiang and Zeng 1995). Multi-trait optimization 
of QTL positions placed the PEV QTL detected near phi109275 (at position 59 cM) on 
chromosome 1 at 60 cM. The optimized position of the KW QTL detected near umc1689 
(position 66 cM) on chromosome 1 was at 64 cM. The test of linkage versus pleiotropy for 
the PEV QTL at position 60 cM and the KW QTL at position 64 cM on chromosome 1 
suggested pleiotropy ( ). Consistent with the large (29 cM) genetic 
distance between the two QTL, the PEV QTL near locus phi109275 (position 59 cM) and the 
KW QTL near locus bnlg176 (at 30 cM) appeared to be two linked regions 
( ). The optimized position of the PEV QTL on chromosome 9 
fluctuated between 54 cM and 75 cM, while that for KW remained at 50 cM. The fluctuation 
of the QTL position and the plot of LOD scores (Fig. 3) suggested that there were more than 
one QTL for PEV on chromosome 9. A plot of the LOD score against genetic map position 
indicates that there were two peaks for PEV; one at 54 cM and a second at 75 cM (Fig. 3). A 
test of pleiotropy versus linkage was therefore performed for the PEV QTL at position 54 cM 
and the KW QTL at 50 cM. The likelihood ratio was 0.93, which was obviously not 
significant at P<0.05, indicating pleiotropy. 
2
1 df 3.68,  0.06Pχ = =
2
1 df 7.54,  0.01Pχ = <
 For PEV and KW QTL detected on chromosomes 1 and 9, distinguishing between 
linkage and pleiotropy has important practical implications. Repulsion phase linkage would 
make it difficult to isolate genotypes homozygous for the BP3 and B104 alleles at the PEV 
and KW QTL, respectively, but with adequate resources, and using DNA markers, this would 
be a fairly tractable problem. A sufficiently large population can be grown and then DNA 
markers used to find recombinants with desired alleles at both QTL (e.g. Fulton et al. 1997; 
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Ho et al. 2002). Pleiotropy on the other hand would be a more intractable problem as it may 
require more understanding of the underlying genetic mechanisms before deciding on a 
breeding strategy. 
 Although the results of the pleiotropy versus linkage tests suggest that colocalization 
of PEV and KW QTL on chromosomes 1 and 9 was due to pleiotropy, the result should be 
interpreted with caution. In the F2 generation, most loci are in linkage disequilibrium, which 
means that the null hypothesis of pleiotropy will not be rejected for most linked loci. Perhaps 
the test would be more appropriate for QTL in a population of recombinant inbred lines 
(RILs) derived from intermated populations such as the intermated B73 x Mo17 maize 
population (Lee et al. 2002). Nevertheless, based on results herein, genetic gain in 
improvement of popcorn for KW can still be made by selecting at the other four QTL even if 
colocalization of QTL on chromosomes 1 and 9 was a result of true pleiotropy. In addition, 
evidence from other studies involving dent maize and popcorn suggests that correlation 
between PEV and kernel weight varies with population (Li et al. 2007a). Simultaneous 
improvement of popcorn for increased KW and PEV may therefore be more easily achieved 
by selecting in populations in which the two traits are not as highly correlated. 
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bnlg219080
umc108488
bnlg145099
Chrom 10
 
Fig. 1 Genetic map of the B104 x BP3 maize population showing SSR locus positions (left of 
bar) and name (right of bar) for the 10 linkage groups (chrom 1 – 10). For each locus, *, **, 
and *** indicate significant deviation from the expected 1:2:1 genotypic segregation ratio at 
P<0.05, P<0.01, and P<0.001, respectively, based on a chi-squared test
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Table 1 Loci with distorted segregation ratios in the B104 (dent) x BP3 (popcorn) F2 maize population 
Locus Chra Number of genotypesb Chi-square testsc Viability factord
  N NAA NAa Naa 1:2:1 p = q p2+2pq+q2  
umc1102 3.05 188 32 92 64 11.0** 10.9** 0.0 Gametic
umc2278 4.00 189 65 98 26 16.4*** 16.1*** 1.3 Gametic
umc1276 4.01 187 72 104 11 42.2*** 39.8*** 11.2*** Zygotic
umc1757 4.01 189 86 98 5 69.7*** 69.4*** 13.8*** Zygotic
umc1294 4.02 181 83 97 1 75.2*** 74.3*** 22.0*** Zygotic
umc2039 4.03 189 75 105 9 48.4*** 46.1*** 13.3*** Zygotic
umc1963 4.04 187 76 98 13 42.9*** 42.5*** 6.2* Zygotic
umc1511 4.05 189 71 99 19 29.0*** 28.6*** 3.4 Gametic
phi026 4.05 188 75 97 16 37.2*** 37.0*** 3.9* Zygotic
bnlg2291 4.06 186 50 106 30 7.9* 4.3* 4.4* Zygotic
umc2027 4.06 187 50 110 27 11.5** 5.7* 7.1** Zygotic
umc2006  6.04 189 61 91 37 6.4* 6.1* 0.1 Gametic
umc2160 7.01 188 28 109 51 10.4** 5.6* 5.9* Zygotic
* indicates significance at P<0.05 
** indicates significance at P<0.01 
*** indicates significance at P<0.001 
a The chromosome is given in an ‘x.y’ form, where x is the chromosome number and y is the bin number. On the maize genetic 
map, a bin is a segment of approximately 20 cM flanked by two fixed core loci (Gardiner et al. 1993) 
b N is the total number of genotypes scored for that genotype (excluding those with missing data), NAA is the number of BP3 
homozygotes, Naa is the number of B104 homozygotes, and NAa is the number of heterozygotes. 
c Chi-squared tests for 1:2:1 genotypic segregation ratio (2 df), equal allele frequencies (1 df), and Hardy-Weinberg equilibrium (1 
df) 
d Refers to whether deviation from expected frequencies is a result of factors affecting the ability of the gamete to effect 
fertilization or be fertilized (gametic factors), or survival of the zygote (zygotic factors) 
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Table 1 (Continued) 
Locus Chr Number of genotypes Chi-square tests Viability factor
  N NAA NAa Naa 1:2:1 p = q p2+2pq+q2  
umc1015 7.03 184 29 104 51 8.4* 5.3* 4.0* Zygotic
umc1974 8.02 189 32 107 50 6.7* 3.4 3.9* Zygotic
bnlg1863 8.03 189 32 104 53 6.6* 4.7* 2.5 Gametic
bnlg669 8.03 189 31 105 53 7.5* 5.1* 3.0 Gametic
phi115 8.04 189 32 105 52 6.6* 4.2* 2.9 Gametic
umc1846 8.05 189 34 94 61 7.7* 7.7** 0.1 Gametic
bnlg244 9.02 189 34 111 44 6.8* 1.1 6.0* Zygotic
phi065 9.03 188 29 113 46 10.8** 3.1 8.5** Zygotic
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Table 2 Estimates of means of the parental lines (B104 and BP3) and their F1 hybrid, population ranges, variance components, and 
broad-sense heritability estimates for popping expansion volume and kernel weight of F2:3 progenies derived from the cross B104 x 
BP3 
Estimatea Popping expansion volume (cm3 g-1)b  100 kernel weight (g)b
 2003 2004 Combinedc  2003 2004 Combinedc
BP3 mean  43.3 ± 1.3 51.2 ± 1.7 47.2 ± 1.3  13.4 ± 0.7 15.8 ± 0.9 14.6 ± 0.6
B104 mean 7.2 ± 1.3 5.8 ± 1.7 6.5 ± 1.3  29.1 ± 0.7 31.3 ± 0.9 30.2 ± 0.6
F1 mean 13.8 ± 1.0 13.9 ± 1.4 13.9 ± 1.1  28.4 ± 0.5 30.3 ± 0.8 29.3 ± 0.5
F2:3 Range (BLUPs) 9.4–36.9 8.4–40.4 9.4–36.5  17.8–29.7 21.9–33.0 19.8–31.3
VG 39.44 45.67 40.31 (32.77, 50.80)  5.94 6.02 5.58 (4.51, 7.19)
VGE   1.97 (1.08, 4.72)    0.44 (0.22,1.20)
VError 9.46 12.51 10.61 (9.41, 12.05)  2.51 3.31 2.80 (2.43, 3.11)
H2 (plot mean) 0.81 ± 0.02 0.79 ± 0.03 0.76 ± 0.02  0.70 ± 0.03 0.65 ± 0.04 0.64 ± 0.03
H2 (entry mean) 0.93 ± 0.01 0.88 ± 0.02 0.93 ± 0.01  0.88 ± 0.02 0.78 ± 0.02 0.88 ± 0.02
H2 (F2/F2:3 regression) 0.62 ± 0.04 0.63 ± 0.04 0.64 ± 0.04  0.48 ± 0.04 0.40 ± 0.04 0.47 ± 0.03
a VG, VGE, VError, refer to genetic, genotype x environment, and error variances, respectively. Standard errors are attached to 
estimates of means and broad-sense heritability 
b Standard errors attached to means and broad-sense heritability estimates; 95% confidence intervals attached to variance 
components for the combined analysis 
c Refers to estimates from the combined analysis of the 2003 and 2004 datasets 
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Table 3 QTL detected for popping expansion volume and kernel weight in F2 plants and their F2:3 families derived from a cross of a popcorn 
inbred line BP3 with a dent maize inbred B104 
Traita Generation Year Chrb Locusc Position Genetic effectsd R2
    Additive Dominance
PEV (cm3 g-1) F2 2002 1.05 (S) umc1689 69.3 4.63 (4.1) -2.24 (0.5) 21.0
 F2:3 2003 1.03 (S) phi109275 61.8 4.98 (23.8) -0.29 (0.1) 35.5
   2.02 (S) bnlg125 47.2 2.25 (6.9) -0.28 (0.1) 9.2
   3.04 (S) phi036 65.4 1.89 (4.9) -0.23 (0.0) 6.3
   5.06 (L) phi085 128.9 2.04 (6.5) 1.26 (1.3) 9.3
   8.07 (L) umc1384 126.8 -1.46 (3.0) -1.00 (0.8) 3.3
   9.03 (C) phi065 53.4 3.26 (11.9) 0.15 (0.0) 12.0
       Totale 75.6
  2004 1.06 (C) umc1035 85.5 4.16 (16.2) -0.33 (0.1) 21.4
   2.03 (S) dupssr27 62.9 2.45 (7.1) -1.72 (1.9) 8.0
   3.04 (S) phi036 63.4 2.72 (7.5) -0.41 (0.1) 8.1
a PEV and KW refer to popping expansion volume and kernel weight, respectively 
b The bin is given in an ‘x.y’ coordinate system where x is the chromosome number and y is the bin number, and the letter in 
parenthesis indicates the chromosome arm, where S, L, and C refer to the short arm, the long arm, and the centromere regions, 
respectively; A x A is additive x additive epistasis. On the maize genetic map, a bin is a segment of approximately 20 cM flanked 
by two fixed core loci (Gardiner et al. 1993) 
c Indicates locus to the left of a detected QTL (for main QTL effects), and interacting QTL pairs (for epistasis) 
d Genetic effects and the LOD scores (in parenthesis) for presence of the genetic effect at the QTL position. Positive additive 
effects indicate that the BP3 allele increased the trait, and positive dominance effects indicate that the heterozygote had a higher 
value than the average of the two homozygotes 
e Refers to the total phenotypic variance explained by the QTL 
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Table 3 (Continued) 
Trait Generation Year Chr Locus Position Genetic effects R2
      Additive Dominance
PEV (cm3 g-1) F2:3 2004 5.07 (L) bnlg1306 134.9 3.12 (11.0) 0.26 (0.0) 12.6
   8.07 (L) umc1384 124.8 -1.90 (4.1) -1.40 (1.2) 5.6
   9.03 (C) phi065 54.4 3.91 (14.2) 0.06 (0.0) 16.6
       Total 72.3
  F2:3 combined 1.03(S) phi109275 58.8 3.75  (16.6) 0.76 (0.6) 24.4
   1.07(L) umc2237 103.3 2.17 (7.7) -0.24 (0.1) 9.0
   2.03(S) dupssr27 62.9 2.56 (10.5) -0.78 (0.6) 8.1
   3.04(S) phi036 63.4 2.59 (10.1) -0.19 (0.0) 8.6
   5.06(L) phi085 129.9 2.14 (8.9) 0.90 (0.8) 9.6
   8. 07(L) umc1384 121.8 -1.55 (4.0) -1.75 (2.8) 4.9
   9.03(C) phi065 54.4 3.54 (17.4) -0.04 (0.0) 14.9
   A x A dupssr27 x phi085 1.83 (3.1) 2.9
    Total 82.4
KW (g) F2 2002 1.05S umc1689 66.3 -1.93 (9.7)   -0.42 (0.3) 15.5
   6.05L bnlg1154 52.7 -1.27 (4.5) 0.02 (0.0) 5.3
   7.02C bnlg1792 47.8 -1.54 (6.2) 0.08 (0.0) 9.0
   8.04L phi115 65.8 -1.53 (5.4) 1.06 (1.4) 9.1
   9.02S bnlg244 48.0 -1.66 (5.6) 0.29 (0.1) 8.4
       Total 47.3
 F2:3 2003 1.03 (S) bnlg176 30.41 -0.95 (6.3) 0.12 (0.1) 12.3
   1.05 (S) umc1689 69.27 -1.25 (10.0) -0.41 (0.8) 18.1
   6.04 (L) umc2006 37.63 -0.71 (4.6) -0.07 (0.0) 3.6
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Table 3 (Continued) 
Trait Generation Year Chr Locus Position Genetic effects R2
      Additive Dominance
KW F2:3 2003 7.02 (C) bnlg1792 48.8 -0.96 (7.3) 0.28 (0.4) 6.7
   8.04 (L) phi115 63.9 -0.95 (6.1) 0.33 (0.4) 6.6
   9.02 (S) bnlg244 50.0 -1.76 (18.1) 0.09 (0.0) 19.2
       Total 66.5
  2004 1.03 (S) phi109275 64.8 -1.54 (13.8) 0.39 (0.6) 21.9
   6.02 (L) umc1006 19.4 -0.90 (4.9) -0.52 (0.8) 8.0
   8.04 (L) phi115 63.9 -1.05 (6.9) 0.22 (0.2) 9.7
   9.03 (C) phi065 53.4 -1.09 (7.0) 0.01 (0.0) 10.1
       Total 49.7
  F2:3 combined 1.03(S) bnlg176 30.4 -0.84 (5.4) 0.10 (0.1) 11.7
   1.05(S) umc1689 66.3 -1.27 (11.0) 0.01 (0.0) 17.6
   6.03(L) umc1979 36.9 -0.76 (5.6) -0.21 (0.2) 4.8
   7.02(C) bnlg1792 52.8 -0.87 (6.1) 0.31 (0.4) 6.1
   8.04(L) phi115 63.9 -1.01 (7.9) 0.22 (0.2) 8.3
   9.02(S) bnlg244 50.0 -1.62 (17.4) 0.09 (0.0) 17.3
    Total 65.8
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Fig. 2 Additive x additive epistasis for popping expansion volume between a QTL near locus 
dupssr27 (bin 2.03) and phi085 (bin5.07). AA, AB, and BB represent the BP3 homozygote, 
the heterozygote, and the B104 homozygote, respectively 
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Fig. 3 Plots of the LOD against genetic map position showing colocalization of popping 
expansion volume (PEV) and kernel weight (KW) QTL on chromosomes 1 and 9 in the B104 
(dent) x BP3 (popcorn) population  
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CHAPTER 3. GENETIC ANALYSIS OF FLOWERING TIME AND PLANT 
HEIGHT IN A DENT X POPCORN MAIZE POPULATION 
 
A paper to be submitted to Crop Science 
 
Thanda Dhliwayo, Michael Lee, Mauricio Erazo-Barradas, Kenneth E. Ziegler, and Wendy 
Woodman-Clikeman 
 
Abstract 
 Dent maize is a potential source of favorable alleles for improving productivity of          
popcorn. DNA markers may facilitate the transfer of desirable dent alleles into popcorn while 
minimizing reduction of popping quality and maintaining adaptation to the target 
environment. Quantitative trait loci (QTL) for growing degree units to anthesis (GDU)  and 
plant height were mapped in a dent (B104) x popcorn (BP3) population with phenotypic data 
from F2 plants and their F2:3 families. Six QTL explaining 68% of the phenotypic variance 
were detected for GDU on chromosomes 1 (bin 1.03), 2 (bin 2.02), 3 (bin 3.06), 4 (bin 4.05), 
6 (bin 6.01), and 8 (bin 8.05). The BP3 allele reduced GDU at four of the QTL while the 
B104 allele reduced GDU at the QTL on chromosomes 1 and 3. QTL on chromosomes 1, 2, 
and 3 accounted for the largest proportion of phenotypic variance for GDU and were detected 
in the same regions in F2 plants. Plant height QTL were detected on chromosomes 1 (bin 
1.01), 2 (bin 2.04), 8 (bin 8.04), and 9 (bin 9.03).Three of these regions (bins 1.01, 2.04, and 
9.02) were also detected with F2 plant data. The four QTL explained 48% of the phenotypic 
variance for plant height. The BP3 allele increased plant height at the QTL on chromosomes 
1, 2, and 9 while the B104 allele increased plant height at the QTL on chromosome 8. The 
locations of QTL detected in this study coincide with regions detected in previous studies in 
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temperate and tropical dent and flint maize populations. Some of the QTL mapped to regions 
where genes and other DNA sequences associated with flowering time, plant height, and 
other developmental aspects have been located in the maize genome. 
 
Introduction 
Popcorn and dent maize are separate gene pools and are utilized and maintained as such by 
dent maize and popcorn breeders (Holland, 2007; Ziegler, 2001). The popcorn gene pool is 
inferior to dent maize in most traits related to crop productivity including grain yield, stalk 
strength, pest resistance, and disease resistance (Ziegler, 2001). The poor productivity of 
popcorn appears to be a result of limited genetic variation for most traits of agronomic 
importance in the popcorn gene pool (Ziegler, 2001). Evidence for lack of genetic variation 
in popcorn comes from genetic diversity assessment studies which suggest lower genetic 
diversity (number of alleles per locus) in popcorn than in dent maize (Liu et al., 2003; 
Kantety et al., 1995). 
 Because the popcorn gene pool (herein considered the elite gene pool) lacks genetic 
variation for agronomic traits, popcorn breeders recognize dent maize (herein considered the 
exotic gene pool) as a potential source of favorable alleles for improving popcorn 
productivity (Johnson and Eldredge, 1953; Robbins and Ashman, 1984; Ziegler, 2001). 
Ideally, introgression of dent alleles into the popcorn gene pool should be accomplished 
without compromising on popping quality traits and adaptation to the target environment. 
Backcross breeding is a well-established method for transferring chromosomes, chromosome 
segments or alleles associated with desired qualities (e.g. disease resistance) from one 
genotype to another. For introgression of dent alleles into popcorn, the backcross procedure 
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based on phenotypic selection alone has resulted in improved productivity but reduced 
popping expansion volume (Ziegler, 2001).  Possible causes of failure to recover desirable 
popping quality traits include linkage drag (Young and Tanksley, 1989; Hospital, 2001), 
modification of the effect of an allele by changes in genetic background (epistasis; e.g. Sebolt 
et al., 2000), and failure to retain favorable alleles at QTL affecting the traits. Depending on 
the nature and distribution of the genetic elements affecting target traits, the negative 
consequences of phenotypic selection may be minimized by genomic-aided breeding 
approaches. Estimates of such genetic elements, their distribution and effects are few for 
popcorn x dent reference populations. 
 Flowering time and related traits such as plant height are important determinants of 
adaptation of a genotype to a production environment (Dwyer et al., 1999; Kamus-
Kulandaivelu et al., 2006). Efficiency of dent germplasm introgression into popcorn and 
subsequent selection for adaptation and other desirable characteristics may be improved by 
augmenting phenotypic selection with marker-assisted selection (MAS). MAS would require 
that QTL associated with the target traits be identified beforehand. Several studies have 
reported QTL for time to flowering and plant height in biparental maize populations 
(Chardon et al., 2004 and references therein), but few studies were conducted with popcorn x 
dent reference populations. Previous studies have also shown that time to flowering and plant 
height are genetically heterogeneous, i.e. they are each controlled by many loci (Chardon et 
al., 2004). Genetic heterogeneity would cause different subsets of loci to segregate in 
different biparental crosses, resulting in inconsistent detection of QTL across populations 
(Holland, 2007; Salvi and Tuberosa, 2005). Genetic heterogeneity and limited sampling of 
popcorn x dent populations in previous studies (Chardon et al., 2004) create a potential for 
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detection of novel QTL in such populations. In addition, where the QTL are to be used as 
selection targets in MAS, estimates of QTL must be relevant to the desired reference 
population and target environment for selection to be effective (Podlich et al., 2004). 
 In this study, QTL for GDU and plant height were mapped in a dent x popcorn 
population. The two inbred lines, which are elite in their respective gene pools, were selected 
based on their relevance to popcorn improvement. The relevance of the population to 
popcorn breeding objectives (i.e. improving agronomic traits of popcorn with dent maize) 
makes the QTL detected in this study potential selection targets in MAS to improve the 
agronomic traits of BP3, while maintaining popping quality and adaptation to the target 
environment. The QTL may also provide additional information for identifying DNA 
sequences associated with flowering time and plant height in maize and related species. 
 The objective of this study was to map and analyze QTL associated with time to 
flowering (GDU), and plant height in F2 plants and their F2:3 families of the B104 x BP3 
maize population.   
 
Materials and Methods 
 Germplasm and mapping population 
 B104 is an inbred line derived from BS13(S)C5-13, a strain of the Stiff Stalk 
Synthetic (Hallauer et al., 1997). The inbred line has good disease and insect pest resistance, 
along with good agronomic qualities. The popcorn inbred line BP3 was released in 2003 by 
the Committee for Agricultural Development (CAD) at Iowa State University. BP3 was 
developed from cycle 2 of an S1 recurrent selection program in the popcorn population 
BSP2C1 (Ziegler, 1990). BP3 is dent-sterile and is presumed to carry the super-sterile allele 
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Ga1s at the gametophyte factor 1 (Ga1) locus (Schwartz, 1950). The two inbred lines are 
divergent in plant height and number of days to anthesis (and resistance to disease – see 
Hallauer et al., 1997 for B104). Based on preliminary data, B104 was 137 cm tall and 
reached anthesis 65 days after planting while BP3 was 166 cm tall and reached anthesis three 
days earlier than B104. 
 The F1 generation of the B104 x BP3 cross was made at the Agronomy and 
Agricultural Engineering Research Center (AAERC) near Ames, Iowa in 2001. F1 plants 
were grown and self-pollinated in the greenhouse during December 2001 – March 2002. The 
parental inbred lines, the F1, and 550 F2 plants were grown on May 20 2002 at the AAERC in 
3 m long rows spaced 0.75 m apart with 0.25 m between plants within a row. The nursery 
was hand-planted at a seeding rate of two kernels per hill and later thinned to one plant per 
hill. Recommended cultural practices were followed, except that post-emergence weeds were 
controlled manually. All ears on each F2 plant were self-pollinated to ensure production of 
adequate F2:3 seed for conducting replicated experiments. GDU and plant height data were 
collected on all F2 plants but only 189 with sufficient seed were used in subsequent research.  
 Plant height was measured as the distance from the ground to the ligule of the flag 
leaf. GDU to anthesis were determined according to the formula [((min.oC + max.oC)/2) – 
10oC], where 10oC was the minimum temperature, and 30oC was the maximum temperature. 
Temperatures below and above the minimum and maximum were set to 10oC and 30oC, 
respectively (Cross and Zuber, 1972). 
 
Genotyping and genetic map 
  Mature leaf tissue was harvested from the parental inbred lines, their F1, and F2 plants 
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after anthesis and then lyophilized for DNA extraction. DNA was extracted using a modified 
CTAB protocol (Saghai – Maroof et al., 1984). The genotypes of the 189 F2 plants were 
determined at 134 simple sequence repeat (SSR) loci chosen to maximize genome coverage.
  
 Each PCR contained 5 µl of extracted DNA (diluted with deionized H2O to 10 
ng/µL), 0.5 µl each of the forward and reverse primers at 5 pmol/µL, 1.5 µL 10X buffer at 
pH 8.3, 10 mM dNTPs, 25 mM MgCl2, and 0.5 U/µL Taq polymerase. The reactions were 
performed with PTC-100 thermocyclers (MJ Research, Inc., MA) using the amplification 
conditions of 95oC for 1 min, followed by 30 cycles at 94oC for 1 min, 55-58oC for 1 min, 
and 72oC for 1 min, followed by extension at 72oC for 10 min. Reaction products were 
electrophoresed on 4% metaphor agarose gels and visualized by staining with ethidium 
bromide prior to photographing and genotype scoring.  
 Each locus was tested for deviation from 1:2:1 genotypic segregation ratio with a chi-
squared test. The genetic map was constructed using Mapmaker/Exp version 3.0 (Lander and 
Botstein, 1989). The “group” command was used to detect subsets of loci representative of 
the 10 maize linkage groups based on prior information from Maize GDB 
(http://www.maizegdb.org; verified November 29 2007).  Two loci that were assigned to a 
particular group with LOD score >5.0 were chosen as anchors for the linkage group. The 
“assign” command was used to place the rest of the loci on the 10 linkage groups at a LOD 
score of 3.0 and maximum distance of 40 cM.  Next, the “order” command was used to 
determine the most likely linear arrangement of loci of the genetic map.   
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Experimental design 
 The 189 F2:3 families plus the two parents (each repeated twice) and their F1 hybrid 
(repeated three times) were hand-planted in single rows 3 m long with 0.75 m between rows 
and 0.25 m between plants within rows in 2003 and 2004. The seeding rate was 2 kernels per 
hill, and plots were thinned two weeks after emergence to one plant per hill. Plots were 
arranged in a 14 x 14 lattice design with three and two replications in 2003 and 2004, 
respectively. Due to space shortage at the AAERC in 2003, two replications were grown at 
the AAERC and the third replication was grown at Curtis Farm near Ames, Iowa. The two 
locations are approximately 10 km apart and are similar in factors affecting plant growth 
including rainfall, temperature, and soils (classified as Nicollet and Webster clay loam). In 
2003, the two replications at the AAERC and the third replication at Curtis Farm were 
planted on May 19 and 17, respectively.  In 2004, both replications were planted at the 
AAERC on May 12.  
 Plots were fertilized with 70 kg N before planting. Herbicides atrazine (6-chloro-N-
ethyl-N’-(1-methylethyl)-1,3,5-triazine-2,4-diamine) and s-metalochlor (2-chloro-N-(2-ethyl-
6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide) were applied preplanting at the 
rates of 0.9 L ha-1 and 0.7 L ha-1, respectively, in both years. Post-emergence weeds were 
controlled manually in both years. 565 mm of rainfall was recorded at both AAERC and 
Curtis Farm during the 2003 season (May – September). The total rainfall was 26 mm above 
the 30-yr average, but an 85-mm rainfall deficit (based on 30-yr averages) in August may 
have subjected plants to moisture stress during the grain-fill period. The 2004 season had 
normal rainfall, but average temperature was 0.5oC lower than the 30-yr average.    
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 GDU to anthesis were determined for each plot when 50% of the plants were 
shedding pollen using the same method described for F2 plants. Plant height measurements 
were taken on 10 plants per plot on two replications in both years (i.e. data were collected on 
two of the three replications in 2003).  
  
Phenotypic data analysis 
 GDU and plant height data were analyzed first for each year separately (2003 and 
2004) and then for both years combined (combined analysis) using a model of the 
form , where the incidence matrix of fixed effects, β is the vector of fixed 
effects, is the incidence matrix of random effects, is the vector of random effects, and 
is the vector of residuals. Replications, incomplete blocks, and years were fit as fixed 
effects, while genotypes were fit as random effects. Best linear unbiased predictors (BLUPs) 
for genotypes were obtained using the SOLUTION option with the RANDOM statement in 
SAS (Littell et al., 2006; SAS Inst., 1999). The SOLUTION option estimates the random 
effect of each genotype as a deviation from the population mean, so the expected value of 
each genotype was obtained by adding the overall population mean to the predicted random 
effect (BLUP). The parents and their F1 hybrid were considered fixed so their means were 
estimated from an analysis that fit genotypes as fixed and replications, blocks, and years as 
random effects. 
Y = Xβ + Zu + e
Z
X
u
e
 Proc Mixed (SAS Inst., 1999) was also used to implement restricted maximum 
likelihood (REML) estimation of linear phenotypic and genotypic correlation coefficients 
according to methods described by Holland (2006). REML estimation was used to obtain a 
large-sample asymptotic variance-covariance matrix (SAS Inst., 1999) in an analysis that 
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considered genotype effects as random. Years, replications, and incomplete blocks within 
replications were fit as fixed effects.  Approximate sampling variances and standard errors of 
the phenotypic and genotypic correlation coefficients were obtained from the asymptotic 
distributional properties of the REML variance estimates using the delta method (Holland et 
al., 2003; Lynch and Walsh, 1998). REML-based genotypic and phenotypic variances 
(Holland et al., 2003) were also used to compute heritability estimates on a genotype mean 
and plot mean basis in accordance with standard formulae (Holland et al., 2003; Hallauer and 
Miranda, 1988). Approximate standard errors of heritability estimates were derived from the 
asymptotic distributional properties of REML variance estimates using the delta method 
(Holland et al., 2003). Additional estimates of heritability were obtained by regression of F2 
phenotypic data on the BLUPs of their F2:3 families. 
 
QTL mapping 
 Individual F2 plant data, genotype BLUPs of the F2:3 families from each year and the 
combined analysis were used to map QTL with Windows QTL Cartographer version 2.5 
(Wang et al., 2007).  Composite interval mapping (CIM) was first used to find QTL positions 
to fit the initial multiple interval mapping (MIM) model (Kao et al., 1999; Zeng et al., 1999). 
The empirical LOD threshold for each trait was determined from 1000 permutations at α = 
0.05 (Churchill and Doerge, 1994) with Windows QTL Cartographer. QTL detected at a 
LOD greater than or equal to 2.5 were used in the initial QTL model for MIM. MIM has 
several potential advantages over CIM, including less bias in proportion of variance 
explained by each QTL, ability to better resolve linked QTL, better estimates of QTL 
positions, and ability to fit epistasis in the QTL model (Kao, 2000).   
 64
 To detect QTL using MIM, iterative procedures described by Zeng et al. (1999) and 
Tao et al. (2003) were followed with minor modifications. The positions of QTL from the 
CIM model were first optimized followed by testing of their main effects and interactions. 
Optimization of QTL positions involved determining the position that gives the maximum 
likelihood of the QTL conditional upon the positions of the other QTL in the model (Wang et 
al., 2007; Tao et al., 2003). An optimization step is necessary during model building because, 
regardless of the model selection method, QTL are added to the model one at a time at 
positions that may not maximize the model likelihood when effects of all QTL are estimated 
simultaneously with MIM. After optimizing and testing the initial model, QTL and epistatic 
interactions that were not significant were eliminated from the model. Next, the genetic map 
was searched for new QTL to add to the model. Then new models were optimized and their 
genetic effects were tested for significance. Revised models were accepted if they 
significantly decreased the Bayesian information criterion (BIC) according to methods 
implemented in Windows QTL Cartographer (Wang et al., 2007).  BIC selects models with 
higher likelihoods, but to avoid fitting too many parameters in the model, a penalty is 
included with each additional QTL or interaction effect added (Wang et al., 2007). 
 Searching, optimization, and testing were repeated until QTL could not be added or 
deleted from the model. The final model was one that significantly decreased BIC, and had 
QTL that were significant at a LOD greater or equal to 2.5. QTL effects of the final model 
and the proportion of phenotypic variance explained by each QTL in the model were 
simultaneously estimated with Windows QTL cartographer. The proportion of genetic 
variance explained by QTL was obtained by dividing the proportion of phenotypic variance 
by the genotype mean estimate of heritability.  
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Results and Discussion 
Phenotypic data and genetic map 
 The residual variance for GDU was significantly higher in 2003 than in 2004 (Table 
1). The 2003 residual variance was expected to be higher because one of the replications was 
grown at a different location such that the genotype x location and the residual variance were 
confounded with each other. However, the GDU genotype mean estimate of heritability was 
higher in 2003 than in 2004 (Table 1), suggesting that precision of genotypic values was not 
reduced by including data from the replication grown at a different location. High heritability 
is desirable for QTL mapping because, for a fixed population size, the probability of 
detecting a true QTL (power to detect a QTL) is greater for traits with high heritability than 
for traits with low heritability (Melchinger et al., 1998; Broman, 2001).  
 The genetic map had 123 locus intervals spanning 1411 cM with an average distance 
of 12 cM (ranging from 0.04 cM to 29 cM) between loci (Fig. 1). The distances between loci 
were not expected to reduce precision of QTL because they were within the expected 
resolution of most QTL in F2 populations (Kearsey and Farquhar, 1998; Piepho, 2000). The 
assignment and order of loci on linkage groups was consistent with published genetic maps 
of dent and flint populations at Maize GDB (http://www.maizegdb.org/; verified November 
29 2007).  
 The genotypes at 21 of the 134 SSR loci deviated significantly (P<0.05) from 
expected ratios. A region of 10 contiguous loci on chromosome 4 had highly significant 
deviation (P<0.01) from expected frequencies. Genotypic frequencies were most skewed on 
locus umc1294 in bin 4.02. On the maize genetic map, a bin is a segment of approximately 
20 cM flanked by two fixed core loci (Gardiner et al., 1993). Bin 4.02 contains the Ga1 locus 
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which is known to be associated with distorted genotypic segregation ratios in dent x popcorn 
crosses (Schwartz, 1950; Lu et al., 2003; Mangelsdorf and Jones, 1926). Some popcorn 
genotypes carry the dominant Ga1s allele at the Ga1 locus while most dent genotypes carry 
the recessive ga1s allele. In the presence of both Ga1s and ga1s pollen, Ga1s/Ga1s and 
Ga1s/ga1s genotypes are almost exclusively pollinated by Ga1s pollen resulting in a 
deficiency of dent (ga1s) homozygotes (Schwartz, 1950). The deficiency of B104 
homozygotes (<1% at umc1294) in this study was consistent with the Ga1s (Schwartz, 1950; 
http://www.maizegdb.org/, verified November 29 2007). A second segregation distortion 
region consisting of five contiguous loci was detected on chromosome 8.  
 If the observed segregation distortions on chromosomes 4 and 8 were a result of one 
locus (e.g. Ga1 alone on chromosome 4), recombination frequencies and positions of QTL 
are not expected to be affected by skewed genotypic frequencies (Bailey, 1949; Lu et al., 
2002). However, power to detect QTL may be reduced if one genotypic class has too few 
individuals or is completely eliminated. On chromosome 4, true QTL with an additive effect 
only may not be detected if the B104 homozygote genotype is missing or has too few 
individuals. The distortion on chromosome 8 was expected to have minimal reduction of 
power to detect QTL because deviations from expected frequencies were small (P<0.05). 
 
QTL for growing degree units and plant height 
 Three QTL accounting for 49% of the GDU phenotypic variance were detected with 
F2 data on chromosomes 1, 2, and 3 (Table 2). GDU QTL were detected with F2:3 family data 
on chromosomes 1, 2, 3, 4, 6, 7, and 8.  The QTL on chromosome 7 was detected only with 
the 2004 F2:3 family data. The QTL detected with F2:3 family data were within 10 cM of the 
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positions of QTL detected with F2 data (Table 2; Fig. 1), suggesting that some of the same 
QTL were detected with in F2 and F2:3 generations. Four of the QTL detected in F2:3 families 
on chromosomes 1, 2, 3, and 8 were consistently detected in both years, and in the combined 
analysis (Table 2). The QTL on chromosome 4 was detected in 2004 but not in 2003, while 
that on chromosome 6 was detected in 2003 but not in 2004. Inconsistent detection of QTL in 
the two years suggests presence of QTL x environment (year) interaction and could explain 
the statistically significant but small genotype x environment (G x E) interaction detected for 
GDU (Table 1). The six QTL detected in the combined analysis accounted for 68% of the 
phenotypic variance (Table 2) and 78% of the genetic variance for GDU. The three QTL 
associated with GDU in F2 plants were also detected in both years and in the combined 
analysis (Table 2; Fig. 1) and accounted for the largest proportion of the phenotypic variance 
for GDU. 
 Additive effects were significant for all QTL detected for GDU in both years and the 
combined analysis (Table 2). The BP3 allele reduced GDU at the QTL detected on 
chromosomes 2, 4, 6, 7, and 8 while the B104 allele reduced GDU at the QTL detected on 
chromosomes 1 and 3. The QTL detected on chromosome 3 had a significant dominance 
effect that reduced GDU (i.e. the heterozygote had lower GDU than the average of the two 
homozygotes). The dominance effect was detected in both F2 and F2:3 generations, and was 
evident in both years for the F2:3 families (Table 2). Dominance effects were not significant at 
the other six loci (Table 2). 
 More QTL were expected to be detected with F2:3 family data than F2 data because 
phenotypic data collected on individual plants are often unreliable for most quantitative traits 
with low heritability. Environmental variance among F2:3 families was expected to be lower 
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than in the F2 plants (Fisch et al., 1996) resulting in increased power to detect QTL. 
Detection of more QTL with F2:3 family GDU data than F2 data (7 vs. 3) suggests a 
significant increase in power to detect QTL resulting from a decrease in environmental 
variance (increase in heritability) among F2:3 families. The larger proportion of phenotypic 
variance explained by QTL detected in both F2 and F2:3 generations than QTL detected with 
F2:3 data only is consistent with increased power to detect QTL resulting from reduced 
environmental variance in replicated experiments. These results were consistent with QTL 
simulation studies which show that the probability of detecting a true QTL effect depends on 
the heritability of the trait and the size of the QTL effect (e.g. Valdar et al., 2006; Broman, 
2001).   
 QTL for plant height were detected on chromosomes 1, 8, and 9 with F2 data. The 
three QTL accounted for 35% of the phenotypic variance among F2 plants. With F2:3 family 
data, four QTL were detected on chromosomes 1, 2, 8, and 9. Plant height QTL detected with 
both F2 and F2:3 data were at most 10 cM apart (Table 2; Fig. 1), suggesting that the same 
QTL were detected in both generations. The QTL detected on chromosome 9 in the 
combined analysis was not detected in 2003 (Table 2). The four QTL accounted for 48% of 
the phenotypic variance (Table 2) and 51% of the genetic variance for plant height. Additive 
effects were significant at the four QTL in the combined analysis. The BP3 allele increased 
plant height at the QTL on chromosomes 1, 2, and 9 (Table 2), while the B104 allele 
increased plant height at the QTL on chromosome 8 (Table 2). No dominance effects were 
detected at the QTL for plant height in both years and the combined analysis (Table 2). 
 The small difference in number (3 vs. 4) of QTL between F2 plants and their F2:3 
families and the small proportion of phenotypic variance explained (48%) suggests that there 
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were other QTL with small effects which could not be detected due to insufficient power 
(Broman, 2001).  A large environmental variance was an unlikely cause for the low 
proportion of phenotypic variance explained by the QTL because the broad-sense heritability 
estimate for plant height was high (Table 1). 
 An additive x additive (A x A) epistatic effect that accounted for 4% of the 
phenotypic variance of GDU was detected between a QTL near bnlg1063 on chromosome 3 
and a QTL near umc1846 on chromosome 8 in 2003 and in the combined analysis(Table 2; 
Fig. 2). Fig. 2 shows that the additive effect at locus umc1846 was smaller in genotypes 
homozygous for the BP3 allele than in genotypes homozygous for the B104 allele at locus 
bnlg1063. A dominance x additive (D x A) epistatic effect between the QTL on chromosome 
3 and the QTL on chromosome 4 was detected in 2004 and but in 2003 and the combined 
analysis (Table 2).  A dominance x dominance (D x D) epistatic effect was detected for plant 
height between a QTL near bnlg125 on chromosome 2 and a QTL near bnlg244 on 
chromosome 9 in 2004. Among all genetic effects (additive, dominance and their two-locus 
interactions), D x D epistasis has the lowest power of detection in QTL mapping studies 
(Mao and Da, 2005), suggesting that the detected D x D epistatic effect could be a false 
positive (type I error).  
 Despite the small population size relative to those recommended by simulation 
studies (e.g. Mao and Da, 2005), the A x A epistatic effect detected for GDU was considered 
a true effect (rather than a false positive) because it was detected in one environment (year) 
and also in the combined analysis. The D x A epistatic effect for GDU was considered minor 
or a type 1 error because it was detected in one year only. The relatively more consistent 
detection of A x A than A x D/D x A and D x D epistasis (detected for plant height) was in 
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agreement with simulation studies which show that the power to detect epistasis decreases in 
the order A x A < A x D = D x A < D x D (Mao and Da, 2005).  
 Epistasis may have an important role in quantitative trait variation (Carlborg and 
Haley, 2004; Doebley et al., 1995; Eshed and Zamir, 1996; Lark et al., 1995), but its 
detection for quantitative traits may be complicated by the fact that epistatic effects are 
generally smaller than the additive and dominance main effects, resulting in low power to 
detect interaction effects in typical QTL mapping population sizes (Mao and Da, 2005). 
Furthermore, the epistasis detection strategy employed in most QTL mapping methods which 
was also followed in this study makes it difficult to detect interacting loci with no detectable 
main effects.  
  The number, location, and effects of all QTL detected for both GDU and plant height 
are summarized in Fig. 1. QTL for GDU and plant height were detected 23 cM and 14 cM 
apart on chromosomes 1 and 8, respectively. Additive genetic effects for GDU and plant 
height QTL were positive on chromosome 1 and negative on chromosome 8 (Table 2), 
indicating that the alleles that increased GDU and plant height were linked in coupling phase 
on both chromosomes. Coupling phase linkage of QTL on chromosome 1 and 8 could be 
responsible for the statistically significant, albeit small phenotypic ( ) and genotypic (pr gr ) 
linear correlation coefficients between GDU and plant height (rp = 0.20 ± 0.06; rg = 0.26 ± 
0.08). 
 The presence of alleles that increased or decreased GDU and plant height in both 
parents could explain the observation of genotypes with values outside the range of the 
parents (Table 1). A plausible genetic explanation for transgressive segregation (i.e. 
genotypes with phenotypic values outside the range of the parents) is recombination between 
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loci resulting in genotypes carrying combinations of alleles from both parents that have 
effects in the same direction; i.e. genotypes that have alleles that increase or decrease the 
phenotype at more loci than either parent (Riesberg et al., 2003).  The recombination 
hypothesis could explain the occurrence of genotypes with extreme phenotypes for GDU and 
plant height, but for F2:3 families, genotype values outside the range of the parents could 
result from hybrid vigor (heterosis) in heterozygous progeny, as indicated by the mean of the 
F1 hybrid (Table 1). 
  Several studies have reported QTL mapping results for flowering time (i.e. days to 
anthesis, days to silking, and GDU) and plant height in maize populations (Chardon et al., 
2004 and references therein). Chardon et al. (2004) used a meta-analysis method described 
by Goffinet and Gerber (2000) to summarize 313 QTL from 22 studies involving 34 maize 
populations into 62 consensus QTL for flowering time in maize. Based on their bin locations, 
both GDU and plant height QTL in this study were in consensus QTL regions (Chardon et 
al., 2004). The association of the regions detected herein with regions detected for flowering 
time in dent and flint maize populations suggests that the same QTL are associated with 
flowering time and plant height in popcorn and dent or flint maize gene pools. However, the 
number of QTL in this study (7 for GDU and 4 for plant height) represents only a fraction of 
the 62 consensus regions detected in the dent and flint maize gene pools (Chardon et al., 
2004). Due to genetic heterogeneity (Holland et al., 2007), only a few loci associated with 
flowering time and plant height were expected to be segregating in the B104 x BP3 
population. A better understanding of the genetic architecture of flowering time and plant 
height across gene pools can be achieved by mapping QTL in multiple populations sampled 
across all gene pools.  
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 For marker-assisted introgression of B104 alleles into BP3, coincidence of QTL 
regions detected herein and those in previous studies is of little value for selection. Genetic 
heterogeneity and the genotype and environment context dependencies of QTL allele effects 
(i.e. effect of a QTL allele depends on the genetic background and environment) make it 
necessary to estimate QTL effects in the target reference population and environments 
(Podlich et al., 2004). 
  
Candidate genes for time to flowering and plant height 
 Association of QTL with candidate genes for flowering time and plant height is made 
difficult by the paucity of cloned genes or DNA sequences associated with these traits. 
However, QTLs for flowering time and plant height have been detected in regions (bins) 
where the few DNA sequences associated with flowering time or some other aspect of plant 
development have been mapped.   Indeterminate 1 (id1), which maps to bin 1.08 is a locus 
associated with flowering time and plant height (Colasanti et al., 1998). Dwarf8 (d8), which 
maps to a neighboring region in bin 1.09, was associated with flowering time in maize 
(Thornsberry et al., 2001; Camus-Kulandaivelu et al., 2006). Through QTL meta-analysis it 
has been shown that bins1.08 and 1.09 are important regions for flowering time and plant 
height in dent and flint maize gene pools (Chardon et al., 2004).  In this study, however, no 
QTL for either flowering time or plant height were detected in bins 1.08 – 1.09. Failure to 
detect a QTL in bins 1.08 – 1.09 was probably because B104 and BP3 were homozygous for 
alleles with similar effects or effects were small and could not be detected due to insufficient 
power. On chromosome 1, QTL with the largest effect on flowering time and plant height 
were detected in the region of bins 1.01-1.03 which also coincide with a consensus QTL 
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region (Chardon et al., 2004). An ortholog of the Arabidopsis phytochrome B (phyB) has 
been isolated and mapped to bin 1.03 (Maize GDB). However, maize phyB alleles studied to 
date have not been shown to be associated with flowering time.  
 A QTL affecting flowering time was detected on chromosome 2 (bin 2.02) in the 
same region where the leafy-like gene zfl2 has been mapped in maize (Bomblies and 
Doebley, 2006; Bomblies et al., 2003). Mutations in zfl2 and zfl1 (another locus on 
chromosome 10) were shown to disrupt the transition from vegetative to reproductive phase 
among other morpholological defects (Bomblies et al., 2003). Disruption of the vegetative-
to-reproductive phase transition is associated with plant height and flowering time in maize 
and other plant species (Araki, 2001; Irish and Nelson, 1991). A locus associated with plant 
height, DwarfN208B (Maize GDB), has been mapped to bins 2.03-2.04, in the same region 
as a QTL for plant height in this study. Bins 3.05-3.06, a region where a QTL for GDU was 
detected herein, contains a maize ortholog of the Arabidopsis luminidependens (ld) gene 
(Nocker et al., 2000). A photoperiod neutral QTL was also detected in the bin 3.05 – 3.06 
region (Moutiq, 2002) and the lack of response to photoperiod was consistent with the 
placement of ld in the autonomous (independent of environmental factors or plant internal 
signals) pathway of the Arabidopsis flowering genetic model (Putterill et al., 2004). This 
further suggests that maize ld may be associated with the QTL for GDU detected on 
chromosome 3 and with flowering time in maize. 
 Bin 8.05, where a QTL for GDU was detected herein, contains vegetative to 
generative transition1 (Vgt1), a QTL associated with flowering time in maize (Chardon et al., 
2005; Vladutu et al., 1999).  Vgt1 has been cloned and was found to be a cis-acting 
regulatory element of an Arabidopsis apetela2 (ap2)-like transcription factor that was shown 
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to affect flowering time in maize (Salvi et al., 2002; Salvi et al., 2007). Based on an 
association mapping study, B73, which like B104 was derived from a strain of BSSS 
(Russell, 1972), was found to have a late flowering allele at the Vgt1 locus (Salvi et al., 
2007). The B104 allele also increased flowering time at the QTL detected in bin 8.05 herein, 
suggesting that this QTL may be associated with Vgt1.  Due to inherent uncertainty 
associated with QTL positions, the flowering time QTL Vgt2 (Chardon et al., 2005; Vladutu 
et al., 1999) which has been mapped to the adjacent region in bin 8.04 along with early phase 
change (epc) in bin 8.03 (Vega et al., 2002; Maize GDB) are also possible candidates for the 
GDU QTL in bin 8.05.  The QTL for plant height detected in bin 8.04 could be a result of the 
effect of either epc or Vgt1and/or Vgt2 on plant development (Salvi et al., 2002; Salvi et al., 
2007).   
 A plant height QTL was detected in bin 9.03, which is also the bin of dwarf3 (d3) and 
glossy 15 (gl15). The d3 locus was shown to be associated with plant height variation in 
maize (Winkler and Helentjaris, 1995). gl15 was shown to regulate the transition from 
juvenile to adult traits during the vegetative development phase in maize (Evans et al., 1994; 
Moose and Sisco, 1994). It has been suggested that gl15 is also associated with flowering 
time in maize (Lauter et al., 2005). Although its association with plant height has not been 
demonstrated, gl15 may affect plant height through its regulation of developmental phases, 
and could be associated with the QTL detected in bin 9.03. 
  
Implications for popcorn and dent maize breeding 
 Flowering time is an important trait for the adaptation of maize to a range of latitudes 
and lengths of growing seasons. QTL associated with flowering time and related traits may 
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be useful in selecting for adaptation in maize breeding programs that make use of exotic 
germplasm (e.g. Pollak and Salhuana, 2001). In popcorn breeding, selection for adaptation 
should be accomplished while maintaining or increasing popping quality related traits. In 
maize exotic germplasm introgression projects (Crossa and Gardner, 1987; Holland and 
Goodman, 1995; Tarter et al., 2003), selection for adaptation to target environments may 
result in substantial loss of favorable exotic germplasm alleles if they are at QTL linked to 
loci contributing to poor adaptation (Tarter et al., 2004), e.g. loci associated with photoperiod 
response (Moutiq, 2002). Loss of favorable alleles may be minimized by selecting at loci 
associated with traits of interest. QTL associated with flowering time and plant height such 
as those detected in this study can be used to select for adaption to specific season lengths in 
this population.   
 The B104 x BP3 population is relevant to popcorn breeding objectives in that 
favorable alleles for agronomic traits can be introgressed into BP3 while using QTL for GDU 
and plant height to select for adaptation to the target environment. 
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Table 1. Estimates of means of the dent maize inbred line B104, the popcorn inbred line BP3, and their F1 hybrid, population 
ranges, variance components, and broad-sense heritability estimates for growing degree units and plant height of F2:3 progenies 
derived from the cross B104 x BP3.    
Estimate† Growing Degree Units  Plant Height (cm) 
 2003 2004 Combined‡  2003 2004 Combined 
BP3 mean  738.8 ± 5.1 705.7 ± 3.8 722.2 ± 4.0  184.5 ± 3.1 205.6 ± 3.0 195.0 ± 3.0 
B104 mean 771.8 ± 5.1 729.4 ± 3.8 750.5 ± 4.0  165.8 ± 3.1 168.0 ± 3.0 166.9 ± 3.0 
F1 mean 707.4 ± 4.1 688.2 ± 3.1 698.3 ± 3.3  225.0 ± 2.6 237.3 ± 2.5 231.1 ± 2.1 
F2:3 Range 
(BLUPs) 
695.3 – 781.7 688.2 – 738.9 693.1 – 761.0  165.9 – 220.0 163.3 – 231.3 164.5 – 230.7 
VG 341 (273, 437) 131 (103, 171) 228 (183, 294)  174 (140, 221) 203 (165, 257) 184 (150, 231) 
VGE   19 (10, 52)    5 (2, 24) 
VError 154 (133,180) 57 (46, 71) 119 (106, 130)  39 (32, 49) 36 (30, 46) 38 (33, 45) 
H2 (plot mean) 0.69 ± 0.03 0.70 ± 0.04 0.62 ± 0.03  0.82 ± 0.02 0.85 ± 0.02 0.81 ± 0.02 
H2 (entry mean) 0.87 ± 0.02 0.82 ± 0.03 0.87 ± 0.02  0.90 ± 0.02 0.92 ± 0.01 0.94 ± 0.01 
H2 (F2/F2:3 
regression) 
0.54 ± 0.04 
0.31 ± 0.02 0.45 ± 0.03 
 0.62 ± 0.03 
0.65 ± 0.04 0.66 ± 0.03 
† VG, VGE, VError, are genetic, genotype x environment, and error variances, respectively (with their 95 % confidence intervals in 
parenthesis). Standard errors are attached to estimates of means and broad-sense heritability. 
‡ Refers to genotypic values (least square means or BLUPs) estimated from the combined analysis of data from the two years (see 
Materials and Methods). 
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Table 2. QTL detected for growing degree units (GDU) and plant height (PHT) in F2 plants and their F2:3 families derived from a 
cross of a dent maize inbred line B104 with a popcorn inbred line BP3. 
Trait Generation Year Chrom† Locus‡ Position Genetic effects § R2
   Additive Dominance
GDU F2 2002 1.03 (S) bnlg176 34.4 14.8 (5.2) 2.3 (0.1) 20.1
   2.02 (S) umc1265 24.4 -11.1 (3.3) 4.2 (0.2) 12.7 
   3.05 (C) umc1102 84.4 9.9 (2.6) -13.7 (2.1) 16.2 
       Total 49.0 
 F2:3 2003 1.03 (S) bnlg176 32.4 11.4 (15.5) -0.8 (0.1) 22.6 
   2.02 (S) umc1265 18.4 -6.2 (6.0) 3.2 (0.8) 8.1 
   3.06 (L) bnlg1063 94.1 6.4 (5.2) -6.1 (2.6) 11.9 
   6.01 (C) bnlg1371 6.0 -6.6 (5.3) 1.1 (0.1) 8.6 
   8.05 (L) umc1846 73.7 -6.8 (5.7) 4.1 (1.0) 5.0 
   A x A bnlg1063 x umc1846  -6.4 (2.8)  4.4 
       Total# 60.6 
  2004 1.01 (S) bnlg1014 9.0 5.4 (8.8) 0.3 (0.0) 12.6 
   2.02 (S) umc1265 21.4 -4.0 (6.7) 0.9 (0.2) 9.7 
   3.06 (L) bnlg1063 95.1 5.7 (11.6) -3.0 (1.7) 16.8 
   4.05 (C) phi026 61.9 -4.8 (5.6) -3.1 (1.4) 10.9 
   7.03 (L) bnlg155 82.6 -3.9 (5.0) -2.3 (0.8) 10.4 
   8.04 (L) phi115 70.8 -3.3 (4.3) -0.2 (0.0) 2.8 
   D x A bnlg1063 x phi026  6.8 (3.4)  4.8 
       Total# 68.0 
†The bin is given in an x.y coordinate system where x is the chromosome number and y is the bin number, and the letter in 
parenthesis indicates the chromosome arm, where S, L, and C refer to the short arm, the long arm, and the centromeric regions, 
respectively; A x A, D x A, and D x D indicate additive x additive, additive x dominance, and dominance x dominance QTL 
interactions, respectively. 
‡ Indicates SSR locus to the left of a detected QTL (for main QTL effects), and interacting QTL pairs (for epistasis) 
§ Genetic effects and the LOD scores (in parenthesis) for presence of the genetic effect at the QTL position. Positive additive 
effects indicate that the allele from BP3 increased the trait, and positive dominance effects indicate that the heterozygote had a 
higher phenotypic value than the average of the two homozygote classes. 
# Indicates the total phenotypic variance explained by the QTL. 
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Table 2. (Continued). 
Trait Generation Year Chrom† Locus‡ Position Genetic effects§ R2
   Additive Dominance
GDU F2:3 Combined 1.03 (S) bnlg176 32.4 9.3 (16.5) -1.4 (0.2) 22.6
   2.02 (S) umc1265 22.4 -5.8 (7.6) 1.3 (0.2) 9.4 
   3.06 (L) bnlg1063 96.1 5.3 (6.4) -4.1 (2.0) 12.5 
   4.05 (C) phi026 59.9 -5.9 (4.6) -2.7 (0.6) 7.6 
   6.01 (C) bnlg1371 7.0 -4.6 (4.5) 1.2 (0.2) 7.1 
   8.05 (L) umc1846 76.7 -5.7 (6.4) 2.7 (0.7) 5.2 
   A x A bnlg1063 x umc1846  -4.7 (2.6)  3.9 
       Total 68.3 
PHT (cm) F2 2002 1.01 (S) bnlg1014 9.0 9.4 (3.5) -2.9 (0.2) 14.7 
   8.04 (L) phi115 63.9 -8.2 (2.7) 5.2 (0.6) 11.3 
   9.02 (S) bnlg244 50.0 3.6 (0.5) 7.9 (1.5) 9.3 
       Total 35.3 
 F2:3 2003 1.02 (S) bnlg1429 27.1 7.2 (8.4) 1.0 (0.1) 15.2 
   2.04 (S) bnlg108 82.3 5.3 (4.8) 2.0 (0.4) 8.1 
   8.04 (L) phi115 63.8 -8.1(9.2) 2.5 (0.6) 17.1 
       Total 40.3 
  2004 1.01 (S) bnlg1014 9.0 9.5 (12.2) -0.9 (0.1) 20.2 
   2.02 (S) bnlg125 46.2 4.7 (3.6) 2.2 (0.4) 8.1 
   8.04 (L) phi115 62.8 -7.9 (8.8) 0.7 (0.0) 13.1 
   9.02 (S) bnlg244 47.0 6.7 (5.4) 1.8 (0.2) 10.7 
   D x D bnlg125 x bnlg244 9.0 12.1 (1.9)  4.3 
       Total 56.4 
  Combined 1.01 (S) bnlg1014 9.0 8.4 (10.4) -1.5 (0.2) 17.7 
   2.04 (S) bnlg108 82.3 4.8 (3.9) 2.8 (0.7) 6.9 
   8.04 (L) phi115 62.8 -8.0 (9.3) 1.5 (0.2) 14.9 
   9.03 (C) phi065 50.4 4.5 (3.1) 4.2 (1.7) 8.9 
       Total 48.4 
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Fig. 1. Genetic map of the B104 x BP3 maize population showing QTL (on the left of each linkage group) for growing degree 
units (GDU) and plant height (PHT) detected in F2 plants, in F2:3 combined environment, and in F2:3 family BLUPs for only one 
year (if not detected in the combined environment). Approximate genetic map positions of loci (on the right of each linkage group) 
can be read from the scale on the left (units are cM) of the figure.  
BP3 allele decreased GDU; B104 allele increased GDU BP3 allele increased PHT; B104 allele decreased PHT 
BP3 allele decreased PHT; B104 allele increased PHT B104 allele decreased GDU; B104 allele increased GDU  
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BP3 allele decreased GDU; B104 allele increased GDU 
B104 allele decreased GDU; B104 allele increased GDU  
BP3 allele increased PHT; B104 allele decreased PHT 
BP3 allele decreased PHT; B104 allele increased PHT 
Fig. 1. (Continued). 
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Fig.2. Additive x additive epistasis for growing degree units (GDU) between a QTL detected 
near bnlg1063 on chromosome 3 and a QTL near umc1846 on chromosome 8. AA, AB, and 
BB represent the BP3 homozygote, the heterozygote, and the B104 homozygote, 
respectively. 
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CHAPTER 4. GENERAL DISCUSSION AND CONCLUSIONS 
 Quantitative trait loci for popping expansion volume (PEV), kernel weight (KW), 
growing degree units to anthesis (GDU), and plant height were mapped in F2 plants and their 
F2:3 families derived from a dent (B104) x popcorn (BP3) population. Distorted genotypic 
ratios consistent with the male gametophytic factor1 (Ga1) were detected on the short arm of 
chromosome 4. The deficiency of B104 homozygotes may have reduced the power to detect 
QTL in that region, and perhaps is the reason why no QTL were detected for PEV, KW, and 
plant height on the short arm of chromosome 4. The QTL detected for GDU was in a region 
distal the locus with the most distorted genotypic ratios – umc1294 in bin 4.02, which is also 
the bin for Ga1. 
 Seven QTL were detected for PEV, some of which were in bins where QTL have 
been detected in previous studies. All but two of the QTL were detected in both years and in 
the combined analysis, suggesting little QTL x environment (year) interaction. QTL effects 
were additive, and the BP3 allele increased PEV at all QTL, except on chromosome 8 where 
the B104 allele increased PEV. The QTL detected on chromosome 8 also had a dominance 
effect that reduced PEV, i.e. the heterozygote had lower PEV than the average of the two 
homozygotes at that QTL. Additive x additive epistasis was detected for QTL on 
chromosomes 2 and 5 such that the difference between the two homozygote genotypes at 
phi085 (chromosome 5) depended on the genotype at dupssr27 (chromosome 2). Genetic 
effects of six QTL detected for KW were additive, and the B104 allele increased KW at all 
loci.   
 PEV QTL were detected close (within 10 cM) to KW QTL on chromosomes 1 and 9. 
The small distance between the QTL, the large proportion of phenotypic variance explained 
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by the respective QTL, and the configuration of alleles that increased both traits on 
chromosomes 1 and 9 were consistent with the relatively large negative correlation detected 
between PEV and KW. The test of linkage versus pleiotropy on both chromosomes suggested 
pleiotropy. However, this result should be interpreted with caution because most loci are in 
linkage disequilibrium in the F2 generation. When conducted in the F2 generation, the test 
serves more to assess the degree of linkage than to distinguish between pleiotropy and 
linkage.  
 QTL for GDU and plant height were detected in regions (genetic map bins) where 
genes and other DNA sequences associated with both traits have been mapped in maize, 
suggesting that some of the same genes and sequences may be associated with QTL detected 
herein.  All GDU and plant height QTL were also detected close to consensus flowering time 
QTL regions based on information from previous studies conducted in dent and flint 
reference populations. However, the number of QTL (six for GDU and four for plant height) 
were only a fraction of the 62 consensus QTL reported for dent and flint gene pools. More 
studies in dent x popcorn reference populations may be needed to have a better understanding 
of the genetic architecture of flowering time and related traits in such populations.  
 Because both B104 and BP3 are elite inbred lines in their respective gene pools, the 
B104 x BP3 has direct relevance to popcorn breeding objectives. QTL detected herein may 
be used to augment phenotypic selection in breeding programs aimed at improving the 
productivity of popcorn. First, PEV may be maintained or increased by monitoring 
segregation and selecting individuals carrying favorable alleles or allele combinations at 
important loci. Second, grain yield of popcorn may be improved by selecting for increased 
KW at QTL detected herein, or by selecting for yield directly while using DNA markers to 
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retain favorable alleles for PEV. Finally, QTL for GDU and plant height may be used to 
select for adaptation to the target environment, potentially minimizing loss of favorable 
alleles during introgression of dent germplasm, particularly when selection can be done 
outside the target environment, such as off-season nurseries. 
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APPENDIX 1. FORMULAS USED IN THE ANALYSIS OF DATA 
 
1. Linear Mixed Model for Analysis of Phenotypic Data 
The linear mixed model used to analyze phenotypic data was: 
 
( ) ( )jklm j jkl jl m jm jklmY E B RE R E G GEμ ε= + + + + + + , 
where μ is the mean of the trait,  jE is the effect of environment j, ( ) jklB RE
( )
is the effect of 
incomplete block (lattice block) k in replication l within environment j, jlR E is the effect of 
replication l within environment j, is the effect of genotype (or family) m, mG jmGE is the 
effect of interaction between environment j and genotype m, and jklmε is the residual variance. 
 
2. Broad-sense Heritability 
Entry mean estimate: 22
2
2
ˆ 2ˆ
ˆˆ
ˆgy
g
gry y
H σσ
σ
σ= + + ; plot mean estimate: 
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g
2
gy g
H
σ
σ σ σ= + +  
where r and y are the number of replications and years respectively, 2ˆ gσ  is the genetic 
variance, 2σˆ is the error variance estimate, and 2ˆ gyσ is the genotype-year interaction variance. 
The sampling variance and standard errors of the heritability estimates were calculated 
following Holland et al. (2003; see Chapters 2 and 3). 
 
3. F2-F2:3 Parent-offspring Regression 
 
Regression coefficient (b) of the F2 phenotypic values (j) on their F2:3 values (k) was 
estimated as: 
2
ˆˆ
ˆ
Pjk
Pj
b
σ
σ= , 
where ˆPjkσ is the covariance between j and k, and 2ˆPjσ is the variance of j. 
 
 4. Correlation 
 
The phenotypic correlation between two traits i and j was estimated as: 
 
ˆ
ˆ
ˆ ˆ
pij
pij
pi pj
r
σ
σ σ=  
where ˆ pijσ is the phenotypic covariance between traits i and j, ˆ piσ is the square root of the 
phenotypic variance for trait i, ˆ pjσ is the square root of the phenotypic variance for trait j. 
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The genotypic correlation between traits i and j was estimated as:  
ˆ
ˆ
ˆ ˆ
Gij
Gij
Gi Gj
r
σ
σ σ=  
 
where ˆGijσ is the genotypic covariance between traits i and j, ˆGiσ is the square root of the 
genotypic variance for trait i, ˆGjσ is the square root of the genotypic variance for trait j. The 
sampling variance of the phenotypic genotypic correlation coefficients were calculated 
following Holland et al. (2006; see Chapters 2 and 3). 
 
 
5. Chi-square Tests for Deviation from Expected Frequencies or Ratios 
Sequential chi-square test (Lorieux et al. 1995; see Chapters 2 and 3) 
For each locus the expected genotypes in the F2 population are AA (BP3 homozygote, Aa 
(heterozygote), and aa (B104 homozygote) with expected ratio 1:2:1. Deviation from this 
expected ratio was tested with a chi-squared test: 
 
2 2 2 2
2 4 2 4AA Aa aan n n n
n
χ = + + − , (0.1) 
 where NAA is the number of one homozygote class, NAa is the number of heterozygotes, Naa is 
the number of the other homozygote class, and n is the number of individuals in the 
population. Significance of this test means that the genotypic frequencies deviate from their 
expectation.  
 
Allele frequencies were estimated as: 
 2ˆ ˆ, 2
Aa A
AA aa
n nn n
p q
n n
+ +
= =
a
, (0.2) 
where pˆ  is the frequency of A, is the frequency of, and the other terms are as in Eq. (0.1). qˆ
The hypothesis pˆ  =  was tested with a chi-squared test as follows: qˆ
 
2 2
2
1
ˆ ˆ(2 ) (2 )np n nq n
n
χ − + −=  (0.3) 
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If deviation from expected ratios was caused by factors affecting gamete viability, the test in 
Eq. (0.3) will be significant. If deviation was caused by factors affecting the zygote, the test 
may or may not be significant depending on which genotype was affected. The next thing 
would be to determine whether the union of gametes occurred at random, i.e. whether 
genotypic frequencies are in Hardy-Weinberg equilibrium as follows: 
 
2 22
2
1 2
ˆ ˆ ˆˆ ( 2 ) (( )
ˆ ˆ ˆ2
Aa aaAA n npq n nqn np
np npq nq
χ −−= + + 2 )ˆ
−  (0.4) 
If deviation was caused factors affecting gamete viability only, the test in Eq. (1.4) will not 
be significant, but if deviation was a result of zygotic factors, it will be significant. 
Interpretation of the sequential chi-squared results (Eq. 0.3 and Eq. 0.4) is given in the table 
below.  
Test in Eq. (0.3) Test in Eq. (0.4) Conclusion 
Not significant Significant Zygotic factor 
Significant Significant Zygotic factor 
Significant Not significant Gametic factor 
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APPENDIX 2. ADDITIONAL TABLES AND FIGURES 
 
Table 1. Estimates of means of the parental lines (B104 and BP3) and their F1 hybrid, 
population ranges, variance components (95% CI in parenthesis), and broad-sense heritability 
estimates for popping expansion volume per kernel (kernel PEV), kernel number in 10-g 
sample (kernel number), and number of days to pollen shed (DPS) of F2:3 progenies derived 
from the cross B104 x BP3. 
  Traits  
Estimate† Kernel PEV Kernel number DPS 
BP3 mean  6.94 ± 0.33 69.1 ± 1.0 72.3 ± 0.3 
B104 mean 1.96 ± 0.33 33.2 ± 1.0 75.1 ± 0.3 
F1 mean 4.09 ± 0.27 34.1 ± 0.8 70.0 ± 0.3 
F2:3 Range (BLUPs) 1.89 – 9.09 31.1 – 71.4 69.4 – 76.5 
VG 1.74 (1.40, 2.21) 14.9 (11.9, 19.1) 2.08 (1.69, 2.63) 
VGE 0.17 (0.11, 0.32) 1.3 (0.7, 3.1) 0.00 
VError 0.62 (0.55, 0.69) 7.1 (6.3, 8.0) 0.92 (0.82, 1.02) 
h2 (plot mean) 0.69 ± 0.03 0.64 ± 0.03 0.69 ± 0.03 
h2 (entry mean) 0.89 ± 0.02 0.88 ± 0.02 0.92 ± 0.01 
†VG, VGE, VError, refer to genetic, genotype x environment, and error variances, respectively. 
Standard errors are attached to estimates of means and broad-sense heritability. 
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Table 2. Phenotypic (above diagonal) and genotypic (below diagonal) correlation coefficients (and their standard errors) between 
pairs of traits in the B104 x BP3 F2:3 maize population. 
Trait† DPS GDU PHT KN KW PEVG PEVK 
DPS 0.97 ± 0.00 0.19 ± 0.06 0.11 ± 0.05 -0.11 ± 0.05 0.16 ± 0.06 0.15 ± 0.06 
GDU 1.00 ± 0.00 0.20 ± 0.06 0.11 ± 0.05 -0.11 ± 0.05 0.15 ± 0.05 0.14 ± 0.05 
PHT 0.26 ± 0.07 0.26 ± 0.08 0.03 ± 0.06 -0.05 ± 0.06 0.21 ± 0.06 0.22 ± 0.06 
KN 0.10 ± 0.08 0.11 ± 0.08 0.09 ± 0.08 -0.98 ± 0.00 0.52 ± 0.04 0.23 ± 0.05 
KW -0.11 ± 0.08 -0.11 ± 0.08 -0.11 ± 0.08 -1.00 ± 0.00 -0.55 ± 0.04 -0.27 ± 0.05 
PEVG 0.20 ± 0.08 0.19 ± 0.08 0.28 ± 0.07 0.65 ± 0.05 -0.68 ± 0.05 0.94 ± 0.01 
PEVK 0.21 ± 0.08 0.20 ± 0.08 0.31 ± 0.07 0.43 ± 0.07 -0.46 ± 0.07 0.96 ± 0.01 
† DPS, days to pollen shed; GDU, growing degree units to pollen shed (anthesis); PHT, plant height; KN, kernel number in a 10-g 
sample; KW, kernel weight; PEVG; popping expansion volume in cm3/g; PEVK, popping expansion volume (in cm3)per kernel. 
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Table 3. QTL detected for popping expansion volume per kernel (PEVK) and kernel number (KN) in F2 plants and their F2:3 
families from a cross between a popcorn inbred line BP3 and a dent maize inbred B104. 
Trait† Gen.‡ Year Chr/E§ Locus# Pos. (cM) Genetic effects†† R2 
    Additive Dominance 
PEVK (cm3) F2 2002 - - - - - -
 F2:3 2003 1.03 (S) ph109275 58.8 0.58 (8.9) 0.09 (0.2) 18.8 
   1.07 (L) umc2237 103.3 0.38 (5.7) -0.19 (0.8) 7.8 
   2.03 (S) umc1845 60.6 0.54 (11.7) 0.03 (0.0) 10.8 
   3.04 (S) phi036 63.4 0.54 (10.7) -0.11 (0.3) 10.9 
   5.06 (L) umc1680 113.1 0.53 (9.8) 0.17 (0.6) 13.0 
   8.07 (L) umc2014 118.0 -0.29 (3.7) -0.25 (1.4) 4.4 
   9.06 (L) umc1657 77.5 0.49 (8.5) 0.01 (0.0) 8.0 
   10.06 (L) umc1045 77.9 0.35 (4.6) -0.07 (0.1) 6.3 
       Total‡‡ 80.0 
† PEVK and KN refer to popping expansion volume per kernel, and the number of kernels in a 10-g sample, respectively. 
‡ Refers to the generation in which QTLs were detected; F2 and F2:3. 
§The bin is given in an x.y coordinate system where x is the chromosome number and y is the bin number, and the letter in 
parenthesis indicates the chromosome arm, where S, L, and C refer to the short arm, the long arm, and the centromeric regions, 
respectively; A x A is additive x additive epistasis (E). 
# Indicates locus to the left of a detected QTL (for main QTL effects), and interacting QTL pairs (for epistasis). 
††Genetic effects and the LOD scores for the test of the nested hypothesis for presence of the genetic effect at the QTL position 
detected. Positive additive effects indicate that the allele from BP3 increased the trait, and positive dominance effects indicate that 
the heterozygote had a higher phenotypic value than the mid homozygote value. 
‡‡ Refers to the total phenotypic variance explained by the QTL. 
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Table 3. (Continued). 
Trait Gen.  Year Chr/E Locus Pos. (cM) Genetic effects R2 
    Additive Dominance 
PEVK (cm3) F2:3 2004 1.03 (S) ph109275 60.79 0.80 (15.1) -0.05 (0.0) 26.9 
   2.02 (S) bnlg125 51.16 0.52 (8.1) -0.09 (0.1) 12.3 
   3.04 (S) phi036 67.44 0.49 (7.5) -0.20 (0.7) 10.1 
   5.06 (L) umc1680 117.10 0.50 (6.7) 0.17 (0.4) 12.5 
   9.06 (L) umc1657 75.51 0.49 (6.4) -0.05 (0.0) 8.2 
       Total 70.0 
  Combined 1.03 (S) ph109275 58.79 0.62 (11.6) 0.22 (1.0) 18.5 
   1.07 (L) bnlg1025 106.97 0.46 (8.5) -0.04 (0.0) 7.8 
   2.03 (S) dupssr27 63.91 0.69 (15.8) -0.07 (0.1) 12.8 
   3.04 (S) phi036 64.44 0.60 (12.0) -0.04 (0.0) 11.1 
   5.06 (L) phi085 129.89 0.43 (8.2) 0.19 (0.9) 10.1 
   8.07 (L) umc1384 120.8 -0.38 (5.6) -0.36 (2.8) 6.9 
   9.06 (L) umc1657 74.5 0.62 (12.5) 0.01 (0.0) 12.3 
   A x A dupssr27 x phi085  0.34 (2.6)  2.0 
       Total 81.5 
KN F2 2002 1.05 (S) umc1689                   66.3 2.74 (9.8) 0.09 (0.0) 15.5 
   6.03 (L) umc1979 35.9 1.85 (4.9) -0.01 (0.0) 6.0 
   7.02 (C) nlg1792 46.8 1.93 (5.3) 0.31 (0.1) 7.9 
   8.04 (L) phi115 64.8 2.23 (5.8) -1.39 (1.3) 10.1 
   9.02 (S) bnlg244 46.0 2.62 (6.5) 0.05 (0.0) 9.6 
       Total 48.1 
 F2:3 2003 1.03 (S) bnlg176 30.4 2.13 (9.8) -0.47 (0.3) 15.2 
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Table 3. (Continued). 
Trait Gen. 
‡
Year Chr/E Locus Pos. (cM) Genetic effects R2 
    Additive Dominance 
KN F2:3 2003 1.06 (C) umc1035 81.5 2.13 (9.7) -0.13 (0.0) 15.1 
   7.02 (C) bnlg1792 50.8 1.69 (6.0) -0.62 (0.4) 6.6 
   8.04 (L) phi115 63.9 1.79 (6.3) -0.65 (0.5) 7.6 
   9.02 (S) bnlg244 49.0 2.93 (14.5) -0.07 (0.0) 17.7 
       Total 62.2 
  2004 1.03 (S) ph109275 63.8 2.28 (14.6) -0.85 (1.3) 23.7 
   6.03 (L) umc1979 32.9 1.26 (5.6) 0.49 (0.4) 6.8 
   8.04 (L) phi115 61.9 1.66 (8.6) -0.41 (0.3) 11.0 
   9.03 (C) phi065 51.4 1.68 (8.1) -0.25 (0.1) 9.8 
       Total 51.3 
  Combined  1.03 (S) ph109275 60.8 3.00 (20.4) -0.15 (0.0) 28.1 
   6.03 (L) umc1979 35.9 1.40 (6.5) 0.22 (0.1) 5.3 
   7.02 (C) bnlg1792 54.8 1.32 (4.9) -0.76 (0.8) 6.3 
   8.04 (L) phi115 63.8 1.94 (10.2) -0.49 (0.4) 10.7 
   9.02 (L) bnlg244 50.0 2.63 (16.1) -0.22 (0.1) 16.7 
       Total 67.1 
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Table 4. QTL detected for number of days to pollen shed in F2 plants and their F2:3 families derived from a cross of a dent maize 
inbred line B104 with a popcorn inbred BP3. 
Generation Year Chr/E† Locus name‡ Position Genetic effects§ R2 
     Additive Dominance  
F2 2002 1.03 (S) bnlg176 35.4 1.12 (5.3) -0.21 (0.1) 20.3 
  2.02 (S) umc1265 25.4 -0.84 (3.3) 0.28 (0.2) 12.3 
  3.05 (C) umc1102 82.4 0.82 (3.1) -1.16 (2.7) 19.6 
      Total# 52.2 
F2:3 2003 1.03 (S) bnlg176 29.1 0.90 (15.4) -0.04 (0.0) 21.5 
  2.02 (S) umc1265 18.4 -0.52 (6.5) 0.25 (0.8) 8.4 
  3.06 (L) bnlg1063 94.1 0.51 (5.3) -0.46 (2.4) 11.9 
  6.01 (C) bnlg1371 6.0 -0.54 (5.8) 0.06 (0.0) 8.8 
  8.05 (L) umc1846 73.7 -0.55 (6.0) 0.33 (1.1) 5.1 
  A x A bnlg1063 x umc1846  -0.50 (2.7)  4.3 
      Total# 60.0 
†The bin is given in an x.y coordinate system where x is the chromosome number and y is the bin number, and the letter in 
parenthesis indicates the chromosome arm, where S, L, and C refer to the short arm, the long arm, and the centromeric regions, 
respectively; A x A and D x A indicate additive x additive and dominance x additive epistasis (E), respectively. 
‡ Indicates locus to the left of a detected QTL (for main QTL effects), and interacting QTL pairs (for epistasis). 
§ Genetic effects and the LOD scores for the test of the nested hypothesis for presence of the genetic effect at the QTL position. 
Positive additive effects indicate that the allele from BP3 increased the trait, and positive dominance effects indicate that the 
heterozygote had a higher phenotypic value than the mid homozygote value. 
# Indicates the total phenotypic variance explained by all QTL. 
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Table 4. (Continued). 
Generation Year Chr/E Locus name Position Genetic effects R2 
     Additive Dominance  
F2:3 2004 1.01 (S) bnlg1014 10.0 0.69 (9.0) 0.04 (0.0) 13.2 
  2.02 (S) umc1265 21.4 -0.50 (6.7) 0.11 (0.2) 9.9 
  3.06 (L) bnlg1063 95.1 0.70 (11.5) -0.35 (1.5) 16.2 
  4.05 (C) phi026 61.9 -0.55 (4.9) -0.34 (1.2) 9.3 
  7.03 (L) bnlg155 82.6 -0.51(5.3) -0.30 (0.8) 10.9 
  8.05 (L) umc1846 73.7 -0.41 (4.3) -0.08 (0.1) 3.4 
  D x A bnlg1063 x phi026  0.85 (3.4)  4.8 
      Total 67.7 
 F2:3 Combined 1.02 (S) bnlg1429 28.1 0.93 (16.6) -0.10 (0.1) 22 
  2.02 (S) umc1265 23.4 -0.62 (8.5) 0.13 (0.2) 10.3 
  3.06 (L) bnlg1063 95.1 0.54 (6.6) -0.36 (1.6) 12.3 
  4.05 (C) phi026 63.9 -0.55 (4.8) -0.24 (0.5) 7.6 
  6.01 (C) bnlg1371 7.0 -0.48 (5.0) 0.11 (0.1) 7.3 
  8.05 (L) umc1846 76.7 -0.56 (6.5) 0.25 (0.6) 5.2 
  A x A bnlg1063 x umc1846  -0.46 (2.5)  3.7 
       Total 68.4 
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Fig. 1. Frequency distribution of predicted values (BLUPs) for popping expansion volume (PEV) and 
kernel weight (KW) of 189 F2:3 families derived from a cross between B104 and BP3 and evaluated in 
2003 and 2004.  
 104
 
 
Fig. 2. Scatter plots showing the extent of linear correlation between popping expansion 
volume (PEV) and kernel weight (KW) and between plant height and growing degree units in 
F2:3 families derived from the dent inbred line B104 and the popcorn inbred line BP3. 
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Fig. 3 Frequency distribution of predicted values (BLUPs) for growing degree units and plant height 
of 189 F2:3 families derived from a cross between B104 and BP3 evaluated in 2003 and 2004.  
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